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ABSTRACT 
 
High-resolution techniques to characterize the three-dimensional structure of 
nucleic acids are critical for understanding the mechanisms of action of biologically 
important RNA and DNA molecules. Methods based on chemical probing have been 
particularly useful in gaining insight into the structures of nucleic acids in solution.  The 
hydroxyl radical has been widely adopted as a chemical probe for DNA and RNA 
structure since its first application to protein-DNA footprinting. This dissertation 
describes efforts to improve upon the current model of how the hydroxyl radical cleaves 
the RNA backbone, through the use of specifically deuterated ribonucleoside 
triphosphates (NTPs). The synthesis and purification of deuterated NTPs are described in 
detail, as well as their application to the study of two RNAs: the sarcin-ricin loop (SRL) 
RNA – a biologically active region of ribosomal RNA – and a short RNA designed to 
lack secondary structure. Measurement of deuterium kinetic isotope effects (KIEs) on the 
cleavage of these RNAs suggests that it is possible to use this experiment to identify the 
GUA base triple structural motif that is commonly found in RNA.  
vii 
Abstraction of a 5′ ribose hydrogen atom in RNA yields a fragment containing a 
5′-aldehyde terminus with the sugar and base intact. Comparison of primer extension 
products of cleaved SRL RNA with or without deuterium substituted at the C5′ ribose 
position of uracil residues demonstrated that the 5′ aldehyde-terminated fragment can 
serve as a template for reverse transcription. Implications of the presence of a 5′-aldehyde 
terminus on hydroxyl radical cleavage analysis are discussed in the context of reverse 
transcriptase-mediated primer extension, a commonly used method. 
Structural features of naked DNA molecules with known protein binding 
sequences were explored using hydroxyl radical cleavage analyzed by capillary gel 
electrophoresis. An application was written in MATLAB to deconvolute and integrate 
cleavage intensities of hundreds of peaks in an electropherogram. In many cases, 
comparison of the cleavage profile to the minor groove width found in an X-ray co-
crystal structure of the DNA-protein complex revealed a high degree of correlation. 
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CHAPTER 1 – Introduction to RNA Structure and Chemical Probing 
Introduction 
RNA is much more than just a messenger. Research over many decades has 
revealed that RNA participates in a myriad of cellular functions ranging from regulation 
of gene expression to protein synthesis. Composed of just four nucleotide building 
blocks, RNA can fold into intricate and dynamic three-dimensional structures whose 
complexities rival those of proteins. Examples where biological activity is known to be 
influenced by RNA structure include transcription,1 splicing,2 cellular localization,3 
translation,4 and turnover of RNA.5 
Although the structures of a wide variety of RNA molecules have been studied in 
great detail, there is an overall lack of structural information owing to the low-throughput 
nature of X-ray crystallography. As classic chemical probing methodologies interrogate a 
single RNA molecule per experiment, it is difficult to assess the full impact of RNA 
structure in a biological context. Solution-based techniques aimed at increasing 
throughput for RNA structure determination are presented in this introduction with a 
focus on methods based on chemical and enzymatic probing. 
Examples of Biologically Active RNAs 
Much of our current understanding of RNA structure is based on the analysis of a 
limited number of X-ray crystal structures. Examples of select members of biologically 
important classes of RNAs such as transfer, catalytic, and ribosomal RNA and 
riboswitches are discussed below. 
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Transfer RNA 
The yeast phenylalanine transfer RNA, tRNAPhe, was the first nucleic acid for 
which the three-dimensional structure was determined by single-crystal X-ray 
diffraction.6,7 Solving the atomic structure of tRNA made a large contribution to our 
understanding of the central role played by tRNAs in protein synthesis and provided the 
basis for formulating principles of RNA conformation and interaction. The crystal 
structure of tRNAPhe, refined to 2.7 Å resolution, is presented in Figure 1 on the top left.   
The overall conformation of the tRNA is an “L” shape, with one arm composed of 
the T arm and acceptor stem and the other consisting of the D arm and anticodon stem. 
The CCA tail, located at the 3' end of the RNA, is the site of amino acid attachment. 
Located at the other extreme of the molecule is the three-nucleotide anticodon unit which 
recognizes the codon on a messenger RNA.  
Many factors contribute to the tertiary structure of the transfer RNA. The double-
helical regions comprising each stem are in an A-form conformation and participate in 
Watson-Crick base-pairs. Regions connecting the helical stems consist of numerous non-
canonical interactions including hydrogen bonding and stacking between bases, hydrogen 
bonding between base and backbone, and hydrogen bonding between backbone and 
backbone. Observation of these interactions within the crystal structure of tRNAPhe 
helped lay the foundation of our understanding of RNA structure and led to a new era of 
RNA structural studies.  
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Catalytic RNA 
Proteins were long thought to be the only biological molecules capable of 
catalysis. In the early 1980s, however, research groups led by Sidney Altman and 
Thomas Cech independently found that RNA can also act as a catalyst for chemical 
reactions.8,9 This class of catalytic RNA is called ribozymes. A mutant form of the 
ribozyme originally isolated by the Cech group, known as the Tetrahymena ribozyme, is 
shown in Figure 1 on the top right. Soon after its discovery, the Tetrahymena ribozyme 
was recognized as a member of the group I intron family that is capable of self-cleavage. 
There are now over 2000 known examples of group I introns.10  
In order to catalyze the self-cleavage reaction, the Tetrahymena ribozyme must 
fold into a precise three-dimensional structure. The catalytic core of the group I intron is 
called the G-site and is conserved across all known members of the group I intron family. 
An exogenous guanosine cofactor required for catalysis binds at the G-site to form one of 
four layers of base triples – a common RNA structural motif with three bases bound in a 
co-planar orientation. The stacking interactions in the base triple “sandwich” impart very 
high affinity and specificity for the guanosine cofactor. Additional key interactions 
present in the ribozyme include a kissing loop motif (at one end of the RNA) and a 
magnesium ion in the catalytic core which activates the nucleophile and screens the high 
negative charge density that results from closely-placed phosphate groups. The crystal 
structure indicates the extent of RNA folding essential for the function of many large 
RNA molecules.  
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Riboswitches 
Multiple RNA structures can potentially be formed from a long linear sequence of 
ribonucleotides, and these structures are frequently dynamic. Some RNAs, called 
riboswitches, can respond to inputs such as the presence of small molecules,11-13 the pH,14 
and the temperature,15 which result in changes in gene expression. Riboswitches are most 
commonly found in the 5’ untranslated region of bacterial messenger RNA and consist of 
two domains: an aptamer domain that binds the metabolite and an expression platform 
bearing gene control elements. The roles that riboswitches play in the cell require that the 
RNA structure be highly specific and form rapidly in response to cellular cues.  
The structure of the aptamer domain of a naturally occurring guanosine-sensitive 
riboswitch in complex with the metabolite hypoxanthine is displayed in Figure 1 on the 
bottom left.16 This guanine riboswitch, from the xpt-pbuX operon of Bacillus subtilus, can 
bind guanine, hypoxanthine, or xanthine to terminate transcription. Numerous tertiary 
contacts are made throughout the RNA which stabilize the global arrangement of the 
helices in the ligand-bound conformation.  
Remarkably, the crystal structure reveals a complex fold that creates a binding 
pocket that completely envelops the ligand. The RNA makes contacts with every 
functional group of the ligand, which not only explains the high affinity for 
hypoxanthine, but also implies the need for a large conformational change upon binding 
since a pre-formed binding pocket would be inaccessible to the ligand.  
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Ribosomal RNA 
The ribosome is the cell’s protein synthesis factory. In bacteria, the ribosome is 
composed of three RNA molecules and over 50 proteins that weigh in at a total of about 
2.5 MDa.17 The ribosomal RNAs do not merely serve as a framework to organize 
catalytic proteins but are ribozymes responsible for accomplishing the key peptidyl 
transferase reactions in protein synthesis.18 
The crystal structure of the complete 70S ribosome from Thermus thermophilus is 
displayed in Figure 1 with the associated proteins removed.17 The small (30S) subunit, 
depicted in orange, contains 16S rRNA, which is a single stretch of ~1500 nts; the large 
(50S) subunit contains 23S and 5S rRNAs, which are ~2900 and ~120 nts long, 
respectively. The ribosome was crystallized in the presence of two tRNA molecules (red 
and yellow) and a short, model messenger RNA (blue). Overall, the ribosome appears as 
one giant tangle of tightly packed helices. The ribosomal proteins (not shown) largely 
stud the exterior surface of the RNA.  
A multitude of secondary and tertiary interactions are revealed by the crystal 
structure of the ribosome. Among the most common tertiary interactions observed are the 
A-minor, pseudoknot, and tetraloop-tetraloop receptor motifs. Given that the first high-
resolution crystal structure of the 50S rRNA, obtained in 2000, contained more RNA-
RNA and RNA-protein interactions than all previous atomic-level structures 
combined,19,20 the ribosome structure will likely be the subject of examination for years 
to come. 
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Figure 1. Three-dimensional structures of biologically active RNA molecules. Transfer 
RNA (PDB 6TNA),21 Tetrahymena ribozyme (PDB 1X8W), guanine-responsive 
riboswitch (PDB 4FE5), and 70S ribosomal RNA (PDB 1VSA and 2OW8). The RNA 
backbone is depicted as a ribbon. 
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Solution-Based RNA Structural Techniques 
NMR Spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is one of the most commonly 
used techniques for determining the structures of biomolecules such as proteins, DNA, 
and RNA in solution. The size limitation of NMR spectroscopy applied to nucleic acids is 
about 100 nts for intermediate-resolution structures, and about 50 nts for high-resolution 
structures.22 Within these constraints, information such as standard and non-standard 
Watson-Crick base-pairing, conformational equilibria, secondary structure, and local 
structure and dynamics can be obtained from RNA in NMR spectroscopy experiments.22 
Structural features are usually elucidated by first assigning resonances to the respective 
NMR-active atoms (1H, 13C, 15N, 31P) and then interpreting NMR parameters such as the 
nuclear Overhauser effects (NOE), J coupling constants, residual dipolar couplings, and 
cross-correlated relaxation rates.  
In a 1H-NMR experiment, signals corresponding to the imino proton resonances 
of guanine and uracil bases are present only when those residues are protected from 
exchange with bulk water. The number of base pairs can therefore be determined 
essentially by counting the number of imino proton resonances observed in the NMR 
spectrum. The thermal stability of RNA molecules can be investigated by examining 
temperature-induced changes in the 1D imino spectra. The sequential assignment of base 
pairs is made possible by a 2D NOESY experiment, which correlates all protons within a 
distance of 5 Å.  
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More recently, chemical shift data from conventional NMR experiments have 
been coupled with computational methods to determine non-canonical RNA structural 
motifs with high resolution.23 In this study, researchers proposed a method called 
chemical-shift Rosetta for RNA (CS-Rosetta-RNA) which integrated 1H chemical shift 
data with Rosetta de novo modeling to predict 18 of 23 test RNA structural motifs with 
high accuracy. The Rosetta algorithm is based on the assembly of short RNA fragments 
from crystal structures using a Monte Carlo process, guided by a low-resolution potential 
energy function.24 Incorporation of a chemical-shift pseudo-free energy term into the 
Rosetta algorithm enabled more accurate discrimination of near-native structural models. 
Combination of NMR and computational approaches will likely accelerate the discovery 
and determination of novel RNA structures, as either method, when implemented alone, 
does not always generate sufficiently accurate structural models.  
RNA Footprinting 
RNA footprinting is a method that probes RNA in solution using chemical and 
enzymatic reagents that cleave or modify the RNA. Products of chemical cleavage and 
modification are traditionally separated on a denaturing polyacrylamide gel and detected 
either directly by autoradiography or as stops during primer extension by reverse 
transcriptase. Typically, the RNA of interest is transcribed in vitro, purified, folded, and 
subjected to a combination of footprinting reagents to determine the RNA sequence, 
secondary structure, and tertiary structure. In all footprinting experiments, conditions are 
optimized so that, on average, the RNA is cleaved or modified only once per molecule. 
So-called ‘single-hit kinetics’ ensure that footprinting is performed on the original folded 
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RNA molecule instead of on secondary fragments whose conformations may deviate 
from that of the original RNA structure.  
Enzymatic Probes 
Numerous probes are available for studying RNA structure. Those of the 
enzymatic variety include ribonucleases (RNases) I, T1, and A as well as nuclease S1. 
RNase T1 is the only known enzyme to recognize and cleave double-stranded RNA,25 
while other RNases are specific for single-stranded regions and/or particular RNA bases. 
Enzymatic probes are frequently used in conjunction with chemical reagents, as their 
utility can be limited due to non-specific binding or, due to their large size, an inability to 
access buried regions of an RNA molecule.  
 
Figure 2. Sites of RNA modification for base-selective (left) and sequence-independent 
(right) modification chemistries. DEPC and CMCT also react with guanosine (not 
shown). This figure was reproduced from Weeks, 2010.26 
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Base-Selective Chemical Probes 
Chemical probes for RNA structure are often small organic molecules but can 
also be metal ions or hydroxyl radicals. Various reagents react with different moieties of 
each ribonucleotide unit (Figure 2). Reagents which react in a base-selective manner via 
formation of stable covalent adducts include dimethyl sulfate (DMS), kethoxal, diethyl 
pyrocarbonate (DEPC), 1-cyclohexyl-(2-morpholinoethyl)carbodiimide metho-p-toluene 
sulphonate (CMCT), and bisulfite. These probes yield information about base-stacking, 
hydrogen bonding, and the local electrostatic environment of the reactive nucleotide. For 
instance, treatment of an RNA molecule with DMS results in the formation of methyl 
adducts at unpaired cytidine and adenine bases. Detection of DMS-modified sites is 
achieved either by induced strand cleavage using sodium borohydride and aniline (for G 
residues)27 or as stops during primer extension by reverse transcriptase (for A and C 
residues).  
The Hydroxyl Radical 
The hydroxyl radical was first introduced to the study of DNA structure by 
Tullius who showed that the pattern resulting from hydroxyl radical cleavage yields 
directly the helicity of a DNA molecule.28 The footprinting of a DNA-protein complex 
was reported shortly afterwards.29 In an extension of the chemical footprinting technique 
to RNA, Latham and Cech demonstrated, using the Tetrahymena ribozyme, that the 
hydroxyl radical cleavage pattern could be used to define which nucleotides are located 
on the inside of the folded RNA and which are located on the outside.30 Another key set 
of hydroxyl radical footprinting experiments was used to create an extensive accessibility 
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map of the nucleotides in the 16S and 23S rRNAs.31,32 Residues participating in subunit-
subunit interactions that were identified in the structural maps were later verified in the 
crystal structure of the ribosome.  
The hydroxyl radical reacts with RNA predominantly by abstracting a hydrogen 
atom from the ribose backbone which leads to a strand break. Hydroxyl radicals can be 
generated in solution from the reaction of iron(II)-EDTA and hydrogen peroxide or by 
gamma radiolysis of water. The site of attack by the hydroxyl radical is independent of 
the RNA base identity due to its extremely reactive nature, and is instead governed by the 
solvent accessibility of the RNA backbone.33  
In-Line Probing 
In-line probing is a technique that exploits the natural tendency for RNA to 
differentially degrade according to its structure.34 Although first introduced to investigate 
the structures of riboswitches, it can be used to study the structure of any RNA molecule 
in a reagent- and protein-free manner.35 The phosphodiester bonds in the RNA backbone 
are subject to slow cleavage through the “in-line” nucleophilic attack of adjacent 2'-
hydroxyl groups (Figure 3). At physiological conditions, the rate of RNA self-cleavage is 
highly dependent on the precise geometry of the phosphodiester bonds in the sugar-
phosphate backbone. Regions of single-stranded (or unpaired) RNA are free to sample a 
larger range of conformations and are therefore more likely to assume the in-line 
geometry required for self-cleavage. Conversely, highly structured regions which are 
locked in place are less likely to sample an in-line geometry and lead to a reduced rate of 
strand cleavage. 
12 
 
 
Figure 3. “In-line”nucleophilic attack is necessary for efficient cleavage of an RNA 
phosphodiester linkage. When the 2´ oxygen enters a linear “in-line” arrangement with 
the phosphorus and the 5´ oxygen-leaving group of the linkage (dotted line), the 2´ 
oxygen executes a productive nucleophilic attack on the adjacent phosphorus center, 
cleaving the RNA linkage. This figure was reproduced from Regulski and Breaker, 
2008.35 
The discovery and characterization of the fluoride riboswitch that is present in 
bacterial mRNAs exemplifies the utility of the in-line probing technique.36 This class of 
riboswitches responds to elevated levels of intracellular fluoride and activates the 
expression of genes that encode fluoride transporter proteins responsible for alleviating 
the toxic effects of this anion. After screening against a large panel of various small 
anions and compounds, it was found that fluoride contamination present in a commercial 
compound caused extensive conformational changes in the riboswitch compared to the 
control RNA sample. Further testing revealed an extremely high selectivity for fluoride, 
and that a single mutation in the conserved region of the riboswitch had a detrimental 
impact on binding.  
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Selective 2’-Hydroxyl Acylation Analyzed by Primer Extension (SHAPE) 
In a manner similar to in-line probing, selective 2'-hydroxyl acylation analyzed by 
primer extension (SHAPE) provides a measure of the local flexibility and dynamics of 
RNA. A SHAPE experiment employs the hydroxyl-selective reagent N-methylisatoic 
anhydride (NMIA) and its derivatives, which react with RNA to form a 2’-O-ester adduct 
over periods of as little as 1 s to as long as a few minutes.37,38 Flexible nucleotides are 
better able to sample conformations that strongly favor reactivity of the ribose 2'-
hydroxyl towards SHAPE reagents. Sites of adduct formation are readily detected as 
stops or pauses during primer extension by reverse transcriptase. 
SHAPE is most often used to construct secondary structure maps of RNA, as it 
provides a quantitative measure of nucleotide flexibility indicative of the extent of base-
pairing. In a landmark study, SHAPE was employed to construct the secondary structure 
of the entire HIV genome – a 9 kb long single-stranded RNA.39 Structure probing 
revealed numerous regions within the genome that have functional roles in HIV 
replication.  
Advances in RNA Structure Probing 
Capillary Electrophoresis 
Since polyacrylamide gels typically resolve about 100 nt at a time, analysis of 
long RNAs can be challenging. To overcome this size limitation using gel 
electrophoresis, multiple primers must be designed that bind to various regions 
throughout the long RNA molecule. Reverse transcriptase-mediated primer extension is 
required for detection of the extension products. However, to analyze RNA of several 
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kilobases in length, for example, it would be necessary to run tens to hundreds of gels. 
Additionally, gel-based methods are often labor-intensive and limited to the study of a 
single RNA at a time. 
The application of capillary electrophoresis (CE) to RNA structural probing has 
enabled higher data throughput and the analysis of longer RNAs. In principle, capillary 
electrophoresis could replace any conventional gel-based method of RNA footprinting. 
Most commercially available CE instruments that are used for DNA sequencing are 
capable of resolving up to 1000 nts in each run, and multiple capillaries can be monitored 
simultaneously. In applications involving RNA, readout is typically achieved by primer 
extension of fluorescently end-labeled DNA primers. Multiplexed sample analysis is also 
made possible by monitoring multiple fluorescence emission wavelengths in each 
capillary.  
In vivo RNA Footprinting 
The investigation of RNA structure and folding in vivo is still in its infancy. 
Probing of RNAs within living cells provides an opportunity to determine the influence 
of the cellular environment, which is dramatically different than the conditions used in in 
vitro experiments, on RNA structure. Since some RNAs can adopt different 
conformations in vivo due to interactions with other RNAs and proteins, studying their 
structures in their native environments may yield more accurate information on 
biologically active RNAs.  
Cellular complexity limits the use of some chemical probes in vivo. DMS is one 
of the most successfully used chemical probes for in vivo footprinting as it has the 
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advantage over many other probes of readily penetrating cells and all intracellular 
compartments in a variety of organisms, ranging from bacteria to eukaryotes.40-42 In one 
early example, Zaug and Cech found that the methylation patterns of the Tetrahymena 
self-splicing intron were the same in vivo as in vitro, indicating that the structures were 
not only equivalent but also matched the secondary structure predicted from previous 
experiments.40 The results also suggested that the intron was not associated with proteins 
within the nucleus of the cell.  
The hydroxyl radical can also be used to probe the tertiary structures and 
interfaces of RNA in vivo.43 In these applications, hydroxyl radicals are generated 
directly within living cells by high-energy synchrotron X-rays.  Woodson and coworkers 
successfully mapped the structures of 16S rRNA and RNase P in frozen cells using in 
vivo hydroxyl radical probing. Since a short exposure time (300 ms) of radiation was 
sufficient to obtain footprints of the RNA, it may be possible to utilize this approach to 
capture changes in RNA structure in real-time during cell growth.  
Due to its limited solubility in aqueous solution and high crossreactivity towards 
nucleophiles, the standard SHAPE reagent NMIA is ill-suited to the task of in vivo 
footprinting. Two new chemical probes, 2-methyl-3-furoic acid imidazolide (FAI) and 2-
methylnicotinic acid imidazolide (NAI), were recently designed to overcome these 
limitations.44 The researchers first validated the new probes against NMIA using the 5S 
rRNA and concluded that the reactivities were equivalent (R2 = 0.93). Structural probing 
of the 5S rRNA was then performed within live cells using the reagent NAI, which 
resulted in modification in as little as 1 min while producing sufficient signal-to-noise in 
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flexible regions of the RNA. Comparison of the SHAPE data acquired in vivo to the 
crystal structure of 5S rRNA (within the 80S ribosome) from yeast showed that 
practically all residues in flexible regions or not in canonical Watson-Crick base pairs 
were modified.  
Genome-Wide RNA Structure Maps 
With the advent of next-generation sequencing technologies, it is now possible to 
obtain millions of sequencing reads in a single experiment. Application of this 
technology to chemical probing yields orders of magnitude more information than both 
gel- and capillary-based sequencing, and enables thousands of different RNAs to be 
probed simultaneously. An additional and distinct advantage over traditional methods is 
the de novo identification of RNA transcripts. The general strategy of detecting RNA 
cleavage and modifications in these high-throughput approaches involve capturing and 
converting the treated RNA into sequencing-compatible cDNA libraries.  
A technique recently introduced called parallel analysis of RNA structure (PARS) 
enables genome-wide RNA structural probing based on nuclease digestion.45 The PARS 
method utilizes RNase V1 and nuclease S1, which preferentially recognize and cleave 
double- and single-stranded regions of RNA, respectively. A score is assigned to each 
nucleotide that is defined as the log ratio of the V1 reads over the S1 reads, where higher 
scores indicate a greater likelihood for base-pairing. PARS was used to profile the 
secondary structure of the budding yeast transcriptome, which was isolated from cells 
prior to nuclease digestion, generating structural information on over 3,000 mRNAs and 
encompassing over 4.2 million bases. Global analysis of mRNA structure profiles 
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revealed a number of intriguing results, including the existence of significantly more 
secondary structure in regions that code for proteins compared to noncoding regions. In 
addition, researchers found a reduced tendency for double-stranded conformation at 
locations corresponding to start and stop codons. Finally, they observed a three-
nucleotide periodicity in the structure of mRNA codons such that, on average, the second 
nt of each codon is more structured. These results suggest a functional role for mRNA 
structure in translation efficiency. 
In a related technique called fragmentation sequencing (Frag-seq),46 high-
throughput sequencing reads are quantified from RNA fragments generated by digestion 
with RNase P1, which cleaves at single-stranded regions of RNA.  Frag-seq was used to 
interrogate the entire mouse transcriptome, accurately map single-stranded regions of 
multiple noncoding RNAs, and validate structural information acquired from regions of 
various small nucleolar RNAs.  
While the above methods rely on enzymatic digestion to generate smaller RNA 
fragments, other RNA chemical probing protocols can be adapted to deep-sequencing 
platforms. For example, a SHAPE-Seq experiment was reported in which hundreds of 
RNA molecules were interrogated in a multiplexed manner using a derivative of the 
SHAPE reagent NMIA.47 In another application, high-throughput DMS footprinting was 
performed using Arabidopsis thaliana seedlings, yielding the first in vivo genome-wide 
RNA structure map at single nucleotide resolution for any organism.48 Remarkably, 
results from this study revealed a three-nucleotide periodicity in the structure of coding 
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regions as well as a less-structured region immediately upstream of the start codon –both 
findings similar to those from the PARS experiment with yeast.  
Genome-scale RNA probing has provided new perspectives on RNA secondary 
structure and its functional roles in vivo. To obtain a more complete picture of the RNA 
structural landscape both within the cell and in vitro, a combination of high-throughput 
probing techniques will be required. A limitation of methods based on enzymatic 
digestion is that they are not suitable for in vivo applications due to the inability of 
nucleases to permeate the cell membrane. DMS-based footprinting is limited to a subset 
of nucleotides due its chemical selectivity. Additionally, any method that involves 
reverse transcription requires a sophisticated mathematical framework for treating 
sequencing reads in order to account for the natural tendency of reverse transcriptase to 
stall during primer extension.49 To date, none of the reported high-throughput 
footprinting methods yield tertiary structural information from every nucleotide in a 
population of RNAs. Genome-wide hydroxyl radical probing holds the promise of 
accomplishing such a task and, once fully developed, will become an indispensable tool 
for RNA structure analysis.  
The first application of hydroxyl radical footprinting of RNA coupled to next-
generation sequencing technology (HRF-Seq) was reported in 2014.50 In the study, 
researchers validated the HRF-Seq methodology by mapping two different RNAs: an in 
vitro transcript of the specificity domain of RNase P and 16S rRNA isolated from E. coli. 
Comparison of classical gel-based cleavage patterns of RNase P to HRF-Seq results 
showed a strong correlation (R = 0.8). The HRF-Seq results acquired from 16S rRNA not 
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only correlated well with the ribose solvent accessibility calculated from the crystal 
structure, but the technique was also able to resolve differences in the accessibility of 
nucleotides within helical stretches that are caused by periodic exposure of the RNA at 
the RNA-solvent interface. Although single RNA molecules were studied in this report, 
HRF-Seq can be readily extended to multiplexed RNA structure probing.  
Conclusion 
The importance of investigating RNA structure has been highlighted through 
numerous examples in the literature. Methods based on chemical probing of RNA have 
contributed immensely to our understanding of RNA structure and will continue to play a 
large role in uncovering novel structural and functional roles of RNA. Although the 
hydroxyl radical is widely used as a chemical probe, the mechanistic details of RNA 
strand cleavage are not well understood. The focus of this dissertation is to improve upon 
our current understanding of hydroxyl radical cleavage of RNA and its application to 
nucleic acid structure. 
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CHAPTER 2 – Enzymatic Synthesis of Specifically Deuterated Ribonucleoside 5′-
Triphosphates 
Introduction 
Isotopically labeled nucleoside 5′-triphosphates (NTPs) are valuable in structural 
and biochemical studies of nucleic acids. They can be used, for example, to reduce the 
complexity of NMR spectra,51-55 discern mechanistic details of nucleic acid cleavage,33,56 
and provide a means for assigning bases to cleavage products in DNA sequencing 
applications.57 Many of these studies rely on a strategy for producing NTPs containing 
deuterium substituted at specific positions in the ribose (or deoxyribose).  
The difficulty in chemically synthesizing isotopically labeled NTPs has prevented 
their widespread availability.58 Chemical routes to NTP synthesis require multiple steps 
that are often laborious and time-consuming, and many reported methods focus on 
converting a nucleoside to a nucleoside 5′-triphosphate, which assumes availability of 
labeled nucleoside starting material.59-61 Although methods that exploit cellular 
metabolism have been successful in producing uniformly-labeled51,62 and selectively 13C-
labeled NTPs,63,64 they are unsuitable for specifically deuterated NTPs due to isotopic 
scrambling during biosynthesis. 
In pioneering work by Williamson et al., an enzymatic approach was developed 
for the general synthesis of specifically deuterated ribonucleoside 5′-triphosphates from 
labeled D-ribose.52-54 Their scheme was shown to produce milligram-scale quantities of 
NTPs sufficient for preparing large RNAs by in vitro transcription. The enzymes 
involved did not have to be ultrapure to remain effective, which significantly reduced the 
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effort and total cost of their NTP synthesis protocol. In addition, the synthesis was 
convenient, as each NTP was produced from D-ribose in “one pot.”  
Nucleoside 5’-triphosphates containing deuterium substituted at individual ribose 
positions are particularly useful in hydroxyl radical cleavage analysis of RNA.65 By 
measuring deuterium kinetic isotope effects for cleavage of RNA containing isotopically-
labeled ribose, it is possible to probe the reactivity of individual hydrogen atoms and thus 
enhance the resolution of the cleavage experiment. The work presented in this chapter 
describes a one-pot enzymatic procedure, based on the one developed by Williamson, to 
synthesize milligram quantities of specifically deuterated adenosine 5′-triphosphate 
(ATP), guanosine 5′-triphosphate (GTP), and uracil 5′-triphosphate (UTP) for use in 
hydroxyl radical cleavage analysis of RNA. Specifically deuterated cytidine 5′-
triphosphate (CTP) is synthesized in one additional enzymatic step using deuterated UTP 
as the starting material. For use in DNA applications, deuterated ATP, GTP, and CTP can 
be reduced to the 2′-deoxy form in one step using the enzyme ribonucleoside triphosphate 
reductase (RTPR).66,67 NTPs synthesized using this protocol are greater than 98% 
isotopically pure at the site of deuterium substitution. Reactions are completed in as little 
as a few hours, and progress is readily monitored by high-performance liquid 
chromatography (HPLC). 
Synthesis of Nucleoside 5′-Triphosphates 
The specifically deuterated ribonucleoside 5′-triphosphates ATP, GTP, and UTP 
are synthesized enzymatically from isotopically labeled D-ribose. The synthetic routes 
for generating these three nucleotides make use of a common intermediate, 5-phospho-D-
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ribosyl α-1-pyrophosphate (PRPP). As shown in Figure 4A, D-[5′,5′′-2H]ribose is first 
phosphorylated by ribokinase using ATP as cofactor to produce ribose-5-phosphate 
(R5P). Next, R5P is pyrophosphorylated in a reaction catalyzed by PRPP synthetase to 
afford PRPP. The ATP consumed in the synthetase reaction is regenerated via an enzyme 
system consisting of pyruvate kinase (PK) and myokinase driven by 
phosphoenolpyruvate (PEP). PEP is generated from excess 3-phosphoglyceric acid (3-
PGA) by the enzymes phosphoglycerate mutase and enolase. The next step after the 
production of PRPP is the formation of the desired nucleoside monophosphate product, 
which is achieved by adding the appropriate base (adenine, guanine, or uracil) and 
corresponding phosphoribosyltransferase enzyme. For example, to synthesize adenosine 
monophosphate from PRPP, adenine and adenine phosphoribosyltransferase (APRT) are 
added to the reaction mixture (Figure 4B). Once the deuterated nucleoside 
monophosphate is formed, it undergoes two consecutive phosphorylations to yield the 
nucleoside diphosphate product and finally the triphosphate product.  
The synthesis of specifically deuterated cytidine 5′-triphosphate (CTP) is 
performed separately since the CTP synthetase (CTPS) enzyme requires strict control of 
reaction conditions. As the enzymatic activity of CTPS is subject to inhibition by its own 
product, the reaction can fail at UTP concentrations exceeding 5 mM, only a 5-fold 
excess of that recommended for the reaction.54 CTPS catalyzes the conversion of UTP to 
CTP using glutamine as a source of nitrogen and ATP as cofactor. GTP is also included 
at low concentration since its presence stimulates the activity of CTP synthetase. 
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Figure 4. (A) Formation of [5′,5′′-2H]PRPP from labeled D-ribose via the purine salvage 
pathway. (B-D) Synthesis of ATP, GTP, and UTP from PRPP. (E) Conversion of UTP to 
CTP. Enzymes are (1) ribokinase, (2) PRPP synthetase, (3) myokinase, (4) pyruvate 
kinase, (5) enolase, (6) 3-phosphoglycerate mutase, (7) adenine 
phosphoribosyltransferase, (8) xanthine-guanine phosphoribosyltransferase, (9) guanylate 
kinase, (10) uracil phosphoribosyltransferase, (11) nucleoside monophosphate kinase, 
and (12) CTP synthetase. Deuterium is colored red. Scheme adapted from Tolbert et al.54 
Purification of Deuterated NTPs 
As the commonly used boronate affinity chromatography method is not effective 
under all circumstances encountered in this procedure, two additional purification 
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methods are described. Deuterated ATP, GTP, and UTP are purified using either 
boronate affinity or ion-exchange chromatography, and deuterated CTP is purified using 
ion-pair reversed-phase HPLC. Boronate affinity chromatography makes use of the 
specificity of boronate towards cis-diol moieties, such as the C3′ and C2′ hydroxyls in 
ribose. While boronate resin is effective in binding ribonucleoside 5′-triphosphates, it is 
also capable of binding other components in the reaction mixture, such as tris, glycerol, 
and unreacted ribose. This also becomes an issue in cases where the reaction does not go 
to completion and leaves behind substantial amounts of nucleoside 5′-mono- and 
diphosphates. The affinity of boronate toward its ligands is sensitive to temperature, so 
chromatography should be performed at 4 °C. The resin is activated under alkaline 
conditions, and bound species are eluted using water acidified with CO2. The use of a 
flow adapter is not recommended since the resin bed volume collapses during the elution 
phase and gas is released, creating large bubbles which disturb the flow of mobile phase 
through the column.  
Ion-exchange chromatography, using a volatile buffer salt such as ammonium 
bicarbonate, is also effective in the purification of NTPs. This method has the advantage 
of being able to separate nucleoside 5′-triphosphates from the corresponding mono- and 
diphosphate intermediates. Ion exchange chromatography is conveniently performed at 
room temperature with a flow adapter. An additional advantage is that DEAE resin 
typically costs significantly less than boronate affinity resin. A linear gradient of 
ammonium bicarbonate at pH 9.5 is used to separate and elute the nucleoside 5′-
triphosphate from the resin. The final NTP product is obtained in the form of an 
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ammonium salt. Since NTPs elute at higher salt concentrations than is typically observed 
in the boronate method, 2-3 rounds of lyophilization are required to remove residual salts.  
A third purification method, which is primarily used for CTP, involves using ion-
pair reversed-phase HPLC on a semi-preparative scale. The first two methods of NTP 
purification described above are not suitable for CTP since they are unable to resolve the 
different triphosphate species required for CTP synthesis. Substantial quantities of ATP, 
GTP, potentially unreacted UTP, and ADP are present in the final CTP synthesis reaction 
mixture. In terms of development, a balance had to be struck between the high resolving 
power of HPLC and the constraint on column capacity inherent in using an analytical-
scale instrument. While CTP is well-resolved from interfering species, the column 
capacity is about 10 mg so multiple injections are necessary to purify an entire reaction 
mixture. The method can be scaled up to accommodate the entire reaction mixture in a 
single injection provided that a preparative-scale HPLC instrument is available. The 
HPLC instrument provides a real-time and unambiguous readout of which fractions 
contain the deuterated NTP of interest so that samples can be pooled and concentrated 
immediately. The mobile phase additives triethylammonium acetate and acetonitrile are 
readily removed under vacuum. The final product is obtained as a triethylammonium salt. 
If residual TEA interferes with any downstream applications, the purified NTP products 
can be precipitated with ethanol and sodium acetate to afford the sodium salt.   
Enzyme Preparations 
Partial purification of many of the enzymes utilized in the NTP synthesis protocol 
is sufficient. Most of the enzyme preparations employ classic techniques such as 
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ammonium sulfate precipitation and ion-exchange column chromatography. While 
successful, these techniques can be time-consuming, especially when multiple steps are 
combined in each preparation. Since completion of the original work described in this 
chapter, efforts have been made to obtain a complete set of expression vectors that code 
for enzymes containing a polyhistidine-tag (His-tag).68 His-tagged enzymes can generally 
be purified in a single convenient and efficient affinity chromatography step directly from 
a cell lysate. Acquiring a complete set of His-tagged enzymes will greatly streamline the 
ability to synthesize deuterated NTP analogs. For a summary of the enzymes used in this 
protocol, see Table 1. 
Table 1. Enzymes involved in NTP synthesis.  
NTP # Name Abb. CA His-Tag Refs. 
Common 
1 Ribokinase RK N 69 54,69,70 
2 PRPP Synthetase PRPPS N 69 69-71 
3 Myokinase MK Y -- -- 
4 Pyruvate Kinase PK Y -- -- 
5 Enolase -- Y -- -- 
6 3-Phosphoglycerate Mutase iPGM N 72 66,67 
ATP 7 Adenine Phosphoribosyltransferase APRT N 69 54,70 
GTP 
8 Xanthine-Guanine 
Phosphoribosyltransferase XGPRT N 
69 54,69 
9 Guanylate Kinase GK Y -- -- 
UTP 
10 Uracil Phosphoribosyltransferase UPRT N Yes 53 
11 Nucleoside Monophosphate Kinase NMPK N  -- 
CTP 12 CTP Synthetase CTPS N Yes 54 
CA = enzyme is commercially available 
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Enzymatic Activity Assays 
The activities of purified PGM, PRPPS, and ribokinase are determined using 
variants of a continuous spectrophotometric assay that monitors the absorbance decrease 
at 340 nm as β-NADH is oxidized to β-NAD.69,73 In the activity assay for PGM (Figure 
5), the production of 2-phosphoglyceric acid (2-PGA) from 3-PGA is coupled to the 
oxidation of β-NADH via the actions of enolase, PK, and LDH.74,75 Monitoring the 
decrease in absorbance at 340 nm over time yields the activity of PGM, where one unit is 
defined as the amount of enzyme required to convert 1.0 μmole of 3-PGA per minute in 
the presence of 1.3 mM 2,3-diphosphoglycerate at pH 7.6 at 25°C. The activity expressed 
in units per mL can be calculated using the equation:  
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈 𝑚𝐿)⁄ =  (−∆𝐴340)∗(𝑉𝑡𝑜𝑡)∗D(∆𝑡)∗(6.22)∗(𝑉𝑒𝑛𝑧) 
where ΔA340 is the change in absorbance corresponding to the maximum linear rate of the 
reaction, Vtot is the total volume (mL) of the reaction mixture, D is the dilution factor of 
the enzyme solution, Venz is the volume (mL) of enzyme solution added to the reaction 
mixture, Δt is the time (min) corresponding to the maximum linear rate of the reaction, 
and 6.22 is the millimolar extinction coefficient of β-NADH at 340 nm. 
 
Figure 5. Schematic for the enzymatic activity assay of phosphoglycerate mutase 
(iPGM).73 
(1) 
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Ribokinase activity is determined as described by Gross et al. using the enzymes 
PK and LDH (Figure 6A).54,69,70 In the purification of ribokinase, other enzymes that 
oxidize β-NADH may also be present and thus interfere with the assay. As a 
consequence, the final purified ribokinase solution is assayed with and without D-ribose 
to determine the baseline rate of reaction. The activity of PRPPS is assayed using the 
protocol developed by Arthur et al.,69,70 where the formation of PRPP from ATP and 
ribose-5-phosphate is coupled to the oxidation of β-NADH via the actions of myokinase, 
PK, and LDH (Figure 6B).  
 
Figure 6. Schematic for the enzymatic activity assay of (A) ribokinase and (B) PRPP 
synthetase.69 
The activity of uracil phosphoribosyltransferase is confirmed by observing the 
formation of UMP from uracil and PRPP under conditions similar to those required for 
the synthesis of UTP. After incubating the reaction mixture for a short time at room 
temperature, an aliquot is analyzed by HPLC for the presence of UMP. The assay based 
on UV spectrophotometry found in the literature69 is not sufficiently sensitive due to the 
large degree of spectral overlap between uracil and UMP. 
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In the activity assay for CTP synthetase, the conversion of UTP to CTP is 
monitored directly by HPLC at fixed time intervals. The reaction is set up on a 1-mL 
scale and uses standard (non-deuterated) UTP to prevent the loss of precious sample 
material in the event that the enzyme is inactive or the conditions are not optimum. For 
convenience, the reaction is set up directly in an HPLC vial, placed in the autosampler at 
room temperature, and injected directly into the system in an automated batch sequence. 
Deuterated NTPs for RNA Transcription and Hydroxyl Radical Cleavage Analysis 
The suitability of deuterated ATP for the in vitro transcription of RNA is 
demonstrated using the sarcin-ricin loop (SRL) RNA molecule. The SRL is a short (29 
nt), biologically active RNA that is part of the 50S ribosomal RNA.76-78 Its size and 
numerous tertiary structural features make it an attractive molecule to study using 
cleavage by hydroxyl radical. SRL RNA is synthesized using a commercially available in 
vitro T7 polymerase transcription kit in the presence of [5′,5′′-2H]ATP to yield SRL RNA 
containing deuterium at the C5′ position of all adenine residues. The hydroxyl radical 
cleavage pattern of deuterated SRL RNA is compared to the cleavage pattern obtained 
from standard (non-deuterated) SRL RNA. The analysis reveals a substantial reduction in 
the cleavage intensity only at residue positions that contain deuterium, indicating that 
RNA strand cleavage can be initiated by abstraction of a C5′ hydrogen atom in the ribose 
backbone. The protocol described in this chapter enables the synthesis of specifically 
deuterated NTP analogs that are useful in RNA structure studies using techniques such as 
hydroxyl radical cleavage and NMR.  
30 
 
Summary of NTP Synthesis Results 
For the purposes of this dissertation, the following enzymes were expressed and 
purified from cell culture and assayed for enzymatic activity, where one unit is defined as 
the amount of enzyme required to convert 1.0 μmole of 3-PGA per minute in the 
presence of 1.3 mM 2,3-diphosphoglycerate at pH 7.6 at 25°C: 
• ribokinase (85 U/mL) 
• phosphoglycerate mutase (277 U/mL, Figure 11) 
• PRPP synthetase (0.54 U/mL, Figure 12) 
• uracil phosphoribosyltransferase (Figure 8) 
• CTP synthetase (Figure 10) 
Reagents and concentrations in the activity assays for RK, iPGM, and PRPPS 
were obtained from reports in the literature, while assays for UPRT and CTPS were 
conducted in mock synthesis reactions containing non-deuterated starting materials.53,54 
UPRT and CTPS activity assays relied on HPLC analysis for the verification of product 
formation. 
A total of twenty specifically-deuterated ribonucleoside 5'-triphosphate analogs 
was synthesized using the protocols outlined in this chapter and used for hydroxyl radical 
cleavage studies of RNA. The complete set consisted of five deuterium analogs of each 
of the four NTPs (ATP, GTP, UTP, CTP) required for in vitro transcription of RNA. The 
five deuterium analogs of ATP, for example, were of the form [X-2H]ATP, where X = 1', 
2', 3', 4', or 5',5''.  
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The syntheses of ATP, GTP, and UTP described here required substantially less 
3-phosphoglyceric acid (3-PGA) than did the original protocols.53,54 In all cases, 3-PGA 
was initially added to each reaction mixture and another bolus was added five hours after 
the reaction was initiated. NTP formation was complete after two additions of 3-PGA, 
whereas the original protocol indicates the addition of 3-PGA after every five hours. 
The volumes of reagents and enzymes used in the NTP synthesis reactions 
described in these protocols were scaled down relative to those in the original protocols.54 
In most cases, reactions were set up on a 15-mL scale rather than on a 50-mL scale, and 
no adverse effects on yield were observed. For each deuterated NTP synthesized, the 
yield was determined by HPLC analysis of the crude reaction mixture against an 
appropriate NTP standard. The theoretical yield was calculated from the amount of D-
ribose starting material and the molecular weight of the NTP. For example, in the 
synthesis of [4'-2H]ATP, a total of 68 mg was expected based on 22 mg D-[4'-2H]ribose 
input. The yield determined for the synthesis of [4'-2H]ATP on a 15-mL scale was ~65 
mg, which corresponds to 96%. The yields determined for each set of NTP analogs along 
with the total reaction times (in parentheses) were: 
• ATP:  85–96% (5–15 hr) 
• GTP:  61–76% (20–24 hr) 
• UTP:  54–86% (12–24 hr) 
• CTP:  95–99% (5–10 hr) 
Although all crude NTP synthesis reaction mixtures were analyzed by HPLC, 
only a small subset of purified NTP analogs was evaluated. When boronate affinity 
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chromatography was employed for purification purposes, substantial amounts of the 
diphosphate product (and to a lesser extent the monophosphate product) co-eluted with 
the target nucleoside 5'-triphosphate. For example, all GTP synthesis reactions showed 
between ~10-20% GDP relative to GTP. RNA transcription reactions using purified GTP 
analogs were successful, however, despite the presence of large amounts of GDP, 
indicating a fair degree of tolerance of T7 polymerase for nucleoside 5'-monophosphate 
and 5'-diphosphate impurities present in NTP stock solutions.  
Reagents 
Expression Plasmids and Enzymes 
• Plasmid DNA constructs encoding for enzymes RK, PRPPS, iPGM, APRT, XGPRT, 
UPRT, and CTPS 
• Inducible strain MRi240/pJGK10 (for RK preparation) 
• Enolase from baker’s yeast (Sigma Aldrich, cat. no. E6126) 
• Pyruvate kinase from rabbit muscle (Sigma Aldrich, cat. no. P7768) 
• Myokinase from rabbit muscle (Sigma Aldrich, cat. no. M3003) 
• Nucleoside monophosphate kinase (Roche Applied Science, cat. no. 10107948001) 
• Lysozyme (Sigma Aldrich, cat. no. L6876) 
• Antarctic phosphatase (New England Biolabs, cat. no. M0289S) 
• T4 polynucleotide kinase (T4 PNK; New England Biolabs, cat. no. M0201S) 
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Enzyme Preparations 
• One Shot BL21 (DE3) chemically competent E. coli (Life Technologies, cat. no. 
C600003) 
• LB broth (Miller; Sigma Aldrich, cat. no. L3022) 
• Ampicillin sodium salt (Sigma Aldrich, cat. no. A0166) 
• 3-Indoleacrylic acid (Sigma Aldrich, cat. no. I2273) 
• 2-Mercaptoethanol (BME; Sigma Aldrich, cat. no. M3148) 
• Isopropyl β-D-1-thiogalactopyranoside (IPTG; Sigma Aldrich, cat. no. I6758) 
• TALON Metal Affinity Resin (Clontech, cat. no. 635502) 
• Phenylmethylsulfonyl fluoride (PMSF; Sigma Aldrich, cat. no. P7626) 
• Precision Plus Protein Dual Color Standards (Bio-Rad, cat. no. 161-0374) 
Enzyme Activity Assays, NTP Synthesis, and NTP Purification 
• D-Lactate dehydrogenase (Sigma Aldrich, cat. no. 49971 FLUKA) 
• Triethanolamine (Sigma Aldrich, cat. no. T-1502) 
• Acetic acid (Glacial; Sigma Aldrich, cat. no. 320099) 
• D-(−)-3-Phosphoglyceric acid disodium salt (3-PGA; Sigma Aldrich, cat. no. 79472) 
• Adenosine 5′-diphosphate sodium salt (ADP; Sigma Aldrich, cat. no A2754) 
• 2,3-Diphospho-D-glyceric acid penta(cyclohexylammonium) salt (DPGA; Sigma 
Aldrich, cat. no. D9134) 
• β-Nicotinamide adenine dinucleotide, reduced dipotassium salt (β-NADH; Sigma 
Aldrich, cat. no. N4505) 
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• Magnesium sulfate (MgSO4; Sigma Aldrich, cat. no. M2643) 
• Manganese(II) chloride (MnCl2; Sigma Aldrich, cat. no. 450995) 
• Potassium chloride (KCl; Sigma Aldrich, cat. no. P9641) 
• D-[X-2H]ribose, where X = 1′, 2′, 3′, 4′, or 5′,5′′ (Omicron Biochemicals, cat. nos. 
RIB-016, RIB-017, RIB-018, RIB-019, RIB-020) 
• Sodium phosphate monobasic (NaH2PO4; Sigma Aldrich, cat. no. S3139) 
• Sodium phosphate dibasic (Na2HPO4; Sigma Aldrich, cat. no. S3264) 
• Acetonitrile (HPLC-grade; Fisher Scientific, cat. no. A9981) 
• Affi-Gel boronate gel (Bio-Rad, cat. no. 153-6103) 
• Toyopearl DEAE-650M (Tosoh Bioscience, cat. no. 07473) 
RNA Preparation and Analysis, and Hydroxyl Radical Cleavage 
• Ammonium iron(II) sulfate hexahydrate ([(NH4)2Fe(SO4)2·6H2O]; Sigma-Aldrich, 
cat. no. 203505) 
• [γ-32P]ATP (3000Ci/mmol, 10mCi/ml; Perkin-Elmer, cat. no. BLU002A250UC) 
• EDTA disodium solution (0.5M; Life Technologies, cat. no. 15575-020) 
• (+)-Sodium L-ascorbate (Sigma Aldrich, cat. no. A7631) 
• Thiourea (Fisher, cat. no. T101-100) CAUTION Potential carcinogen and may cause 
irritation to the eyes, skin and respiratory tract. Wear gloves, lab coat and safety 
goggles when handling thiourea solutions. 
• Milli-Q purified water or equivalent, autoclaved. Purified water is indicated in this 
protocol by dH2O. CRITICAL The quality of water used in the preparation of 
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reagents and buffers is very important. Organic contaminants in the water can 
interfere with the hydroxyl radical cleavage reaction, as can contaminating metal ions 
(such as iron or copper). 
• Sodium acetate, 3M solution, pH 5.5 (Life Technologies, cat. no. AM9740) 
• Ethanol (100 and 70% vol/vol) chilled to -20°C 
• TEMED (N,N’-tetramethylethylenediamine) (Sigma, cat. no. T9281) CAUTION 
Wear gloves, lab coat and safety goggles when handling TEMED solution 
• Ammonium persulfate (APS; Fisher, cat. no. BP 179) 
• Urea (Sigma Aldrich, cat. no. U5378) 
• Sigmacote (Sigma Aldrich, cat. no. SL-2) 
• Acrylamide/bis solution, 40%, 19:1 (Bio-Rad, cat no. 161-0144) 
• TBE buffer (10X; Life Technologies, cat. no. AM9863) 
Equipment 
• Pipettors, 1–10, 2–20, 20–200 and 200–1,000 ml (models P10, P20, P200 and P1000, 
respectively; Gilson), and corresponding tips 
• Gel-loading tips, 0.4 mm (Rainin, cat. no. GT-250-4) 
• Eppendorf microcentrifuge (model no. 5415 C) 
• Ultracentrifuge, rotor, canisters, and 0.5-L plastic bottles 
• High-performance liquid chromatography system (Dionex, Ultimate 3000) equipped 
with an autosampler, 0.1-100 μL syringe, 4 solvent channels, temperature-controlled 
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column compartment, UV/Visible multichannel wavelength detector, and an 
automated fraction collector (Dionex, AFC-3000) 
• Hypersil GOLD C18 preparative HPLC column (250 x 10 mm; Thermo Scientific, 
cat. no. 25005-259070) 
• DNAPac PA 200 analytical HPLC column (250 x 4 mm; Dionex Corporation, cat. no. 
063000) 
• Amicon Ultra-15 centrifugal filter (10 kDa NMWL; Millipore, cat. no. UFC901024) 
• NucAway spin columns (Life Technologies, cat. no. AM10070) 
• Econo-Column glass chromatography column (2.5 x 20 cm; Bio-Rad, cat. no. 737-
2522) 
• Flow adapter for Econo-Column (Bio-Rad, cat. no. 738-0017) 
• Gradient maker (C.B.S. Scientific, cat. no. GM-500) 
• Cuvette for UV-visible spectrophotometry 
• 25-mL round bottom flask and stirbar 
• pH electrode  
• Medium or large inflatable balloon 
• Acrodisc syringe filter (0.2 μm pore size; Pall Corporation, cat. no. 4652) 
• Access to a lyophilizer 
• Vertical gel electrophoresis apparatus for running SDS-polyacrylamide gels (e.g., 
Mini-PROTEAN Tetra Cell; Bio-Rad Laboratories, cat. no. 165-8002) 
• Vertical gel electrophoresis apparatus for running thin sequencing (denaturing) gels 
(e.g., model no. S3S T-Rex Aluminum Backed Sequencer; Owl Separation Systems)  
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• Side-arm flask and stopper, and access to laboratory vacuum or a water aspirator 
• Spacer set and 30-well comb (0.33 mm thick) 
• Power supply (42,500 V) (PowerPac HV; Bio-Rad, cat. no. 164-5056) 
• Plastic wrap 
• Chromatography paper (Whatman, cat. no. 3030917) 
• Typhoon Trio Phosphorimager, including storage phosphor screens, exposure 
cassettes, and ImageQuant software (GE Healthcare, cat. no. 63-0035-62) 
• SAFA gel analysis software.79 The software and documentation are freely available 
for download at http://safa.stanford.edu 
Procedure 
Cell Transformation with the Expression Vector for an Enzyme 
1 Thaw one vial of One Shot BL21(DE3) competent E. coli on ice and then add 2 μl 
of a stock solution of the expression plasmid to the vial, mix gently, and let sit for 
about 20 min on ice. Heat-shock the bacteria for 30 s in a water bath set to 42 
°C, add 250 μl of Super Optimal broth with catabolite repression (SOC) medium 
(part of the kit), and incubate at 37 °C for 1 h with shaking. Spread 5 and 20 μl of 
the transformed bacteria on separate LB agar plates (containing 100 μg/mL 
ampicillin if the plasmid encodes for AmpR) and incubate overnight at 37°C. 
2 Use individual colonies from the plates to inoculate two 5 mL starter cultures 
and incubate overnight at 37 °C with shaking. 
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3 Transfer one overnight culture to 1 L of pre-warmed LB media containing 100 
μg/mL ampicillin and incubate at 37 °C with shaking. 
4 To avoid the cell transformation step in the future, prepare a cell stock from the 
other culture by pelleting the cells in a centrifuge, resuspending the cell pellet in 
0.5 mL of fresh LB media, mixing with an equal volume of glycerol, and storing at 
-80 °C. 
UPRT and CTPS Preparation 
5 Incubate the cells for about 4 h with continuous shaking at 220 rpm until the 
absorbance at 600 nm is greater than 0.6 AU. 
6 Induce expression of the enzyme by adding IPTG to a final concentration of 1 
mM and incubate an additional 4 h with shaking. 
7 Remove a 1 mL aliquot each hour of growth and assay for the presence of the 
overexpressed enzyme of interest using SDS-PAGE. 
8 Harvest cells by centrifugation at 10,000 g for 30 min at 4 °C. Gently resuspend 
the pellet in 25 mL lysis buffer (50 mM tris-HCl, pH 7.5, 250 mM NaCl). 
9 Probe-tip sonicate, on ice, for 3 cycles of 10 s “on” followed by 10 s “off”, pause 
for 2 min, and complete 3 more cycles of 10 s “on” followed by 10 s “off.” 
10 Pellet the cell debris by centrifugation at 30,000 g for 30 min at 4 °C and collect 
the supernatant for chromatography. 
11 Pack a chromatography column in the cold room with about 3 mL of His-tag 
affinity resin and equilibrate with lysis buffer containing 10 mM imidazole. 
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12 Apply the supernatant sample directly to the column and continue to wash with 
about 5 column volumes of lysis buffer containing 10 mM imidazole. 
13 Elute bound protein with lysis buffer containing 200 mM imidazole while 
collecting 5 mL fractions. Analyze the fractions using SDS-PAGE and pool those 
containing the enzyme of interest. 
14 Concentrate the protein solution and exchange the buffer: transfer the purified 
protein solution to a centrifugal filter (10,000 Da NMWL) and centrifuge at 4,000 
g in a swinging bucket rotor until about 1 mL remains in the upper chamber. 
Discard the flow-through, add 13 mL cold 100 mM potassium phosphate buffer 
(pH 7.4) to the upper chamber, and centrifuge at 4,000 g until about 1 mL 
remains in the upper chamber. Repeat the dilution and centrifugation steps 
twice more. 
15 Add an equal volume of glycerol, mix well, and store at -20 °C for short term (< 4 
weeks) or -80 °C for long term. 
UPRT Enzyme Activity Assay 
1 Prepare a 5 mL solution consisting of the following: 
Reagent Final Conc. (mM) 
Tris-HCl, pH 7.5 50 
Uracil 0.1 
PRPP 1.5 
40 
 
 
2 Aliquot 1 mL of the reagent mixture into four fresh 1.5-mL tubes and let them sit 
for at least 5 min at room temperature. 
3 Add 0, 1, 10, and 40 µL UPRT enzyme solution to each tube to initiate the 
reaction and incubate the reaction mixture at room temperature for 1.5 h. 
4 Perform an HPLC analysis (see “HPLC analysis of NTPs”) of each sample, including 
the blank, to confirm the production of UMP in each reaction. 
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Figure 7. SDS-PAGE analysis of E. coli whole cell lysates before and after the induction 
of UPRT expression. Lane L contains the protein size-standard ladder with the molecular 
weight (kD) labeled next to each corresponding band. The times after induction of protein 
expression is labeled above each sample lane.  
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Figure 8. SDS-PAGE analysis of fractions collected during the purification of the UPRT 
enzyme by affinity chromatography. Lane L contains the protein size-standard ladder 
with the molecular weight (kD) labeled next to each corresponding band. Wash fractions 
are labeled as W1, W2, and W3, and elution fractions are labeled as F1, F2, F3, and F4. 
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Figure 9. (A) SDS-PAGE analysis of E. coli whole cell lysates before and after the 
induction of CTPS expression. Lane L contains the protein size-standard ladder with the 
molecular weight (kD) labeled next to each corresponding band. (B) SDS-PAGE analysis 
of fractions collected during the purification of the CTPS enzyme by affinity 
chromatography. Wash fractions are labeled as W1 and W2, and elution fractions are 
labeled as F1, F2, F3, F4, and F5. 
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CTPS Enzyme Activity Assay 
5 Directly in a 2 mL HPLC sample vial, prepare a 1 mL solution at room 
temperature consisting of the following: 
Reagent Final Conc. (mM) 
Tris-HCl, pH 7.8 50 
MgCl2 10 
UTP 1.0 
ATP 2.5 
GTP 0.2 
 
6 Add 10-40 µL CTPS enzyme solution to the vial and incubate for 10 min at room 
temperature 
7 Meanwhile, set up an analytical HPLC batch run (see “HPLC analysis of NTPs”) 
that will perform periodic 10 µL injections over a 5 h period. 
8 Add 0.2 mL of 50 mM glutamine in water to initiate the reaction. Place the 
sample vial in the HPLC autosampler and start the batch run. 
9 Use the peak areas of CTP and the injection time stamps to visualize the 
progression of the CTP synthetase reaction (Figure 10B). 
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Figure 10. (A) Analytical HPLC chromatograms of the CTP synthetase assay reaction 
mixture at 0 and 5 hours after initiating the reaction. (B) HPLC peak area analysis of the 
CTPS reaction time-course 
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iPGM Preparation 
1 Incubate the cells at 37 °C for about 8 h with shaking until the A260 is > 0.7 AU 
2 Split the culture into two 0.5-L plastic bottles and chill on ice for 10 min. 
Centrifuge the cell suspension at 6,000 g for 15 min at 4 °C, discard the 
supernatant, and resuspend the cell pellet in 15 mL cold lysis buffer (50 mM 
HEPES, pH 7.4, 10% sucrose (wt/vol), 1 mM DTT).  Transfer the sample to a fresh 
conical tube. 
3 Add 6 mg lysozyme and 200 μL 0.1M EDTA to the mixture and mix. Incubate the 
sample for 20 min at 37 °C and then place on ice. 
4 Probe-tip sonicate, on ice, for 3 cycles of 10 s “on” followed by 10 s “off”, pause 
for 2 min, and complete 3 more cycles of 10 s “on” followed by 10 s “off.” 
5 Centrifuge the lysate at 32,000 g for 1 h at 4 °C and transfer the supernatant to a 
fresh conical tube. 
6 Add MnCl2 to a final concentration of 1.2 mM and PMSF (stock solution in 2-
propanol) to a final concentration of 100 μM. 
7 Apply 1.6 mL 20% streptomycin sulfate solution (wt/vol) and mix well. Incubate 
the sample for 2 min at 45 °C and then place on ice. Centrifuge the solution at 
30,000 g for 30 min at 4 °C to remove the precipitate and transfer the 
supernatant to a fresh conical tube. 
8 Under continuous and gentle stirring, slowly add enough solid ammonium 
sulfate to the sample solution to achieve 50% saturation. Continue stirring while 
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allowing the sample to sit for an additional 10-20 min to allow for full 
equilibration. Centrifuge the sample at 20,000 g for 20 min at 4 °C and then 
transfer the supernatant to a fresh conical tube. Add enough ammonium sulfate 
to achieve 80% saturation, allow the sample to sit an additional 10 min, and then 
centrifuge again for 15 min. Resuspend the pellet in 5 mL cold Buffer A (50 mM 
HEPES, pH 7.4, 100 mM KCl, 1 mM DTT, 0.1 mM PMSF, 0.05 mM EDTA, and 0.25 
mM MnCl2). 
9 Transfer the sample solution to a dialysis sack with a 12,000 MW cutoff and 
dialyze against 2 L Buffer A at 4 °C for 3 h. Replace the used buffer with 2 L fresh 
Buffer A and dialyze an additional 3 h. 
10 Mix the sample solution with an equal volume of glycerol, mix well, and store at -
80 °C. 
 
iPGM Enzyme Activity Assay 
11 In a 15 mL conical tube (wrapped in aluminum foil to protect from light 
exposure), prepare a 5 mL solution at room temperature containing the 
following: 
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Reagent Final Conc. (mM) 
TEA buffer, pH 7.6 79 
3-PGA 6.6 
ADP 0.7 
DPGA 1.3 
β-NADH 0.15 
MgSO4 2.5 
KCl 99 
 
12 Add 66 U LDH, 46 U PK, and 10 U enolase to the reagent mixture and equilibrate 
at room temperature for 5-10 min. 
13 Meanwhile, prepare a 20-fold dilution of the iPGM enzyme solution in 80 mM 
TEA buffer, pH 7.6, containing 100 mM KCl and 2.5 mM MgSO4. 
14 Add 1.0 mL of the reaction mixture into a cuvette and blank the 
spectrophotometer at 340 nm. 
15 Add 10 µL of the diluted iPGM solution to the cuvette to initiate the reaction. 
Record the absorbance at 340 nm every 5 s for a total of 5 min. Repeat the 
measurement twice with fresh reagent mixture and iPGM enzyme solution. 
16 Determine the iPGM activity, in units per mL, of each replicate measurement 
using equation 1 and report the final activity as an average of all replicates 
(Figure 11). 
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Figure 11. Enzymatic activity assay of phosphoglycerate mutase (iPGM). The activity 
was calculated using the maximum linear rate observed in each trace and reported as the 
average of triplicate measurements. 
PRPPS Preparation 
1 Incubate the cells at 37 °C for about 7 hours with shaking 
2 Harvest the cells by centrifugation at 10,000 g for 30 min at 4 °C, and resuspend 
the pellet in 25 mL cold 50 mM potassium phosphate buffer (pH 7.5) 
3 Probe-tip sonicate, on ice, for 3 cycles of 10 s “on” followed by 10 s “off”, pause 
for 2 min, and complete 3 more cycles of 10 s “on” followed by 10 s “off.” 
4 Pellet the cell debris by centrifugation at 30,000 g for 1 h at 4 °C. 
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5 To the supernatant, apply 2.5 mL of 20% streptomycin sulfate solution (wt/vol) 
and mix well. Incubate the sample for 2 min at 45 °C and then place on ice. 
Centrifuge the solution at 30,000 g for 30 min at 4 °C to remove the precipitate 
and transfer the supernatant to a fresh conical tube. 
6 Under continuous and gentle stirring, slowly add enough solid ammonium 
sulfate to the sample solution to achieve 35% saturation. Continue stirring while 
allowing the sample to sit for an additional 10-20 min to allow for full 
equilibration. Centrifuge the sample, discard the supernatant, and resuspend the 
pellet in 25 mL cold 50 mM potassium phosphate buffer (pH 7.5). 
7 Add 0.1 M acetic acid dropwise under continuous stirring at 4 °C until the pH 
reaches 4.5. Centrifuge the sample and discard the supernatant, and resuspend 
the pellet in 20 mL cold 50 mM potassium phosphate buffer (pH 7.5). 
8 Concentrate the sample and exchange the buffer using a centrifugal filter 
(10,000 Da NMWL): centrifuge at 4,000g in a swinging bucket rotor until about 1 
mL remains in the upper chamber, add 13 mL cold buffer, and centrifuge again 
until about 1 mL remains in the upper chamber. Repeat twice. 
9 Collect the remaining liquid from the upper chamber and assay it for PRPPS 
activity. 
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PRPPS Enzyme Activity 
10 Prepare a 10 mL stock solution of the following components in 100 mM 
triethanolamine buffer, pH 7.6: 
Reagent Final Conc. (mM) 
K2HPO4 100 
R-5-P 5 
ATP 3 
PEP 0.8 
β-NADH 0.2 
MgSO4 10 
KCl 142 
 
11 Add 20 U each of the following enzymes: LDH, PK, and myokinase. 
12 Add a 20 uL aliquot of the prepared PRPPS sample to initiate the reaction and 
record the absorbance at 340 nm every 5 s for a total of 5 min. 
13 Determine the PRPPS activity, in units per mL, of each replicate measurement 
using equation 1 and report the final activity as an average of all replicates 
(Figure 11). 
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Figure 12. Enzymatic activity assay of PRPP synthetase. The activity was calculated 
using the maximum linear rate observed in each trace and reported as the average of 
triplicate measurements. 
RK Preparation 
1 Incubate the cells for 4 h with continuous shaking at 220 rpm until the 
absorbance at 600 nm is greater than 0.6 AU. 
2 Add 1 mL 3-indoleacrylic acid (25 mg/mL in ethanol) to induce the expression of 
ribokinase. Incubate the culture for an additional 8-10 h with shaking. After 
every 1-2 h of growth, remove a 1 mL aliquot and store at 4 °C. 
3 Perform SDS-PAGE analysis of the reserved samples to confirm the over-
expression of ribokinase (32 kDa). 
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4 Harvest cells by centrifuging at 10,000 g for 30 min at 4 °C. Gently resuspend the 
cell pellet in 30 mL lysis buffer 2 (50 mM potassium phosphate buffer, pH 7.5, 2 
mM BME). 
5 Probe-tip sonicate, on ice, for 3 cycles of 10 s “on” followed by 10 s “off”, pause 
for 2 min, and complete 3 more cycles of 10 s “on” followed by 10 s “off” 
6 Pellet the cell debris by centrifugation at 30,000 g for 30 min at 4 °C and transfer 
the supernatant to a fresh 50-mL conical tube. 
7 Add 3.0 mL streptomycin sulfate solution (20%, wt/vol) and mix well. Incubate 
the sample for 2 min at 45 °C and then place on ice. Centrifuge the solution at 
30,000 g for 30 min at 4 °C to remove the precipitate and transfer the 
supernatant to a fresh 50-mL conical tube. 
8 Add ammonium sulfate to 80% saturation and allow the sample to incubate at 4 
°C for at least 15 min. Centrifuge to pellet the precipitate and then resuspend it 
in 10 mL lysis buffer 2. 
9 Perform DEAE chromatography with a 500 mL linear gradient of 0 to 300 mM KCl 
in lysis buffer 2 while collecting 5-8 mL fractions. Assay each column fraction for 
ribokinase activity (see “RK Enzyme Activity Assay”) and combine the 
appropriate fractions. 
10 Concentrate the sample and exchange the buffer using a centrifugal filter 
(10,000 Da NMWL): centrifuge at 4,000 g in a swinging bucket rotor at 4 °C until 
about 1 mL remains in the upper chamber, add 13 mL cold lysis buffer 2, and 
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centrifuge again until 2-3 mL remains in the upper chamber. Add glycerol to 40% 
concentration. 
RK Enzyme Activity Assay 
11 Prepare enough stock solution for 1 mL per sample to be assayed, according to 
the following: 
Reagent Final Conc. (mM) 
TEA buffer, pH 7.3 70 
PEP 0.4 
β-NADH 0.2 
ATP 5 
D-Ribose 5 
MgSO4 8 
KCl 10 
 
12 Add 10 U LDH and 7 U PK per 1 mL stock solution and incubate at room 
temperature for 5-10 min. 
13 Add 1-20 uL of the prepared ribokinase sample to initiate the reaction. Record 
the absorbance at 340 nm every 5 s over 5 min. 
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14 Determine the ribokinase activity, in units per mL, of each replicate 
measurement using equation 1 and report the final activity as an average of all 
replicates (Figure 11). 
ATP, GTP, and UTP Synthesis 
1 Weigh reagents into a clean, dry  25-mL round bottom flask: 
Reagent Amount (mg) 
D-[X-2H]ribose* 20 
DTT 23 
3-PGA 170 
* X = either 1′, 2’, 3’, 4’, or 5’,5” 
2 Weigh the appropriate base into the flask according to the NTP that is being 
synthesized: 
A) ATP:  45 mg adenine HCl 
B) GTP:  45 mg guanine 
C) UTP:  45 mg uracil 
3 Add 14.5 mL potassium phosphate buffer and a stirbar to the flask and begin 
stirring gently. 
4 Add 0.3 mL 0.5 M MgCl2 to the flask. 
5 Adjust the pH dropwise to 7.6 with 1 M KOH. 
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6 Degas the solution in the fume hood by bubbling in nitrogen for 15-20 min. 
TIMING Work quickly after degassing the solution to minimize the reintroduction 
of oxygen into the reaction mixture. 
7 Add the following enzymes common in the synthesis of ATP, GTP, and UTP to the 
reaction mixture according to the following table: 
Enzyme Activity (U) 
Phosphoglycerate mutase 40 
Enolase 60 
Pyruvate kinase 65 
Myokinase 8 
Ribokinase 2 
PRPP Synthetase 1 
 
8 Add the appropriate phosphoribosyltransferase enzyme to the reaction 
according to which rNTP is being synthesized: 
A) For ATP:  1 U adenine phosphoribosyltransferase (APRT) 
B) For GTP:  0.2 U xanthine-guanine phosphoribosyltransferase 
C) For UTP:  40 μL uracil phosphoribosyltransferase (UPRT) 
9 Check the pH, and adjust to 7.6 if necessary. Transfer a 50 μL aliquot of the 
reaction mixture to a fresh 1.5-mL microcentrifuge tube and store at -20 or -
80°C. The sample will be used later for HPLC analysis. 
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10 Initiate the reaction by adding 10 μL of a 75 mM ATP standard solution, or, if 
applicable, the same deuterated analog of ATP that is being synthesized. Remove 
a 50 μL aliquot and store it in the -20°C freezer for later HPLC analysis. Inflate a 
balloon with nitrogen gas and place it over the neck of the round bottom flask. 
Create a seal by covering with a few layers of paraffin film. 
11 After 1 h, check the pH and adjust to 7.6, if necessary. Reserve a 50 μL aliquot for 
HPLC analysis. 
12 After 2 h, add 170 mg 3-PGA disodium and adjust the pH to 7.6, if necessary. 
Reserve a 50 μL aliquot for HPLC analysis. For GTP synthesis, add 2 U guanylate 
kinase. For UTP synthesis, add 1 U NMPK. NOTE Check the pH of the reaction 
mixture periodically and adjust to 7.6 if necessary. Reserve an aliquot and store 
in the freezer at various time points (e.g., 1, 2, 5, 10, and 24 h) as needed for 
HPLC analysis. 
13 After 5 h, add 170 mg 3-PGA to the reaction mixture and continue stirring. 
14 Continue stirring until the reaction has gone to completion, which can typically 
take between 5 and 24 h, as determined by HPLC. 
15 Remove proteins and particulates: transfer the crude reaction mixture to a 
centrifugal filter (10,000 Da NMWL) and centrifuge at 4,000 g in a swinging 
bucket rotor for 15 min or until all liquid has filtered through to the bottom of 
the tube. CRITICAL Make sure the centrifuge is properly balanced during 
operation. 
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16 Prepare an ethanol/dry ice bath in a heavily insulated vessel (such as a dewar or 
Styrofoam box) and immerse the sample tube into the bath at an angle. Rotate 
until all of the liquid is frozen solid, uncap the tube and cover with 2 layers of 
paraffin film, and poke several small holes in the film using a fine-gauge needle. 
Lyophilize the sample overnight or until the sample is dry. Store at 4 °C for short 
term (<1 day) or -20 °C or below for longer term. 
 
 
Figure 13. HPLC chromatograms from the synthesis of [4′-2H]ATP after 0, 1, 2, 5, and 10 
hr. Chromatograms are shifted by a fixed percentage in time and absorbance for visual 
clarity. 
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CTP Synthesis 
1 In a 20-mL glass scintillation vial, prepare a total of 5 mL of the following reaction 
mixture in 50 mM tris-HCl buffer (pH 7.8): 
Reagent Final Conc. (mM) 
MgCl2 10.0 
ATP 2.5 
GTP 0.2 
[X-2H]UTP* 1.0 
* X = either 1’, 2’, 3’, 4’, or 5’,5” 
2 Add a stirbar to the vial and begin stirring. Remove a 50-μL aliquot for HPLC 
analysis and store at -20 °C. 
3 Initiate the reaction by adding glutamine to a final concentration of 1 mM. 
4 Remove a 50 μL aliquot each hour and store at -20 °C for later HPLC analysis. 
5 After 10 h, or when the reaction is complete as determined via HPLC analysis, 
syringe filter the solution through a pore size of 0.45 μm into a fresh scintillation 
vial, flash freeze in an ethanol/dry ice bath, and lyophilize overnight or until 
water has been removed. 
HPLC Analysis of NTPs 
1 In 200-µL conical HPLC sample vials, prepare 0.5 mM solutions of standard and 
deuterated ribonucleoside 5’-triphosphates in water (≥ 18.2 MΩcm). 
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2 Prepare 1 L each of HPLC-grade mobile phases water, 1.0 M NaCl, and 0.1 M 
NaOH. Filter the NaCl and NaOH solutions through a 0.45 μM membrane. Set up 
the solvent channels as (A) water, (B) 1.0 M NaCl, and (C) 0.1 M NaOH. 
3 Equilibrate the HPLC system at a flow rate of 1.4 mL/min with 92.5% A, 5% B, 
and 2.5% C and a column temperature of 30 °C. Monitor the baseline absorbance 
at 260 nm. 
4 For each sample injection, pre-equilibrate for 5 min, perform a linear gradient 
from 5 to 40% B (in a constant 2.5% C) from 0 to 10 min, and then increase to 
80% B and hold for 3 min. 
5 Set up a batch run to perform 1-40 µL injections of the blank water solution, 
three consecutive injections of the NTP standard solution, at least two injections 
of deuterated NTP solution, and one final standard NTP injection. 
Purification of Deuterated NTPs 
A. Boronate affinity column chromatography 
i. Set up a glass chromatography column in the cold room (a flow adapter is not 
recommended). Suspend 3 g Affi-Gel boronate affinity resin in 50 mL cold 0.5 M 
ammonium bicarbonate buffer (pH 9.5), let sit for 10 min, and then pack the resin 
into the column while maintaining a steady flow. Collect the flow-through into a 
designated waste container. Equilibrate the column with at least 5 column 
volumes of cold 0.5 M ammonium bicarbonate buffer (pH 9.5). CRITICAL 
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Perform boronate affinity chromatography at 4 °C, as resin binding affinity can be 
drastically weakened at higher temperatures. 
ii. Meanwhile, dissolve the lyophilized NTP residue in 10 mL of cold 0.5 M 
ammonium bicarbonate, let it sit for 5-10 min, and then filter the solution using a 
syringe filter (0.45 μm) into a fresh conical tube. NOTE Filtering samples will 
prolong the lifetime of the affinity resin and column. 
iii. Apply the sample directly to the top of the affinity resin and continue washing the 
column with cold 0.5 M ammonium bicarbonate. Monitor and record the 
absorbance value at 260 nm. 
iv. When the A260 drops below ~0.1 AU, elute the bound material with cold acidified 
dH2O and collect a fraction every 5 mL. Combine fractions having an absorbance 
> 0.1 AU and transfer to a clean, dry lyophilization flask. Flash freeze the sample 
in an ethanol/dry ice bath. Lyophilize overnight or until all water has been 
removed. 
v. Resuspend the residue in a minimal amount of dH2O (~5 mL) making sure to 
rinse the flask walls to maximize recovery of solute. Repeat the flash freezing and 
lyophilization process. 
B. Ion-exchange column chromatography 
i. Set up a glass chromatography column on the benchtop at room temperature. 
Pour, in one motion, ~30 mL DEAE-650M resin into the column with the 
stopcock in the open position. Continue to add 5 mM ammonium bicarbonate (pH 
9.5) while collecting the flow-through in a large marked waste container. 
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Equilibrate the column with at least 5 column volumes of 5 mM ammonium 
bicarbonate. NOTE The use of a flow adapter is recommended. 
ii. Meanwhile, prepare the NTP sample by resuspending the lyophilized residue in 
15 mL of 50 mM ammonium bicarbonate, let sit for 5-10 min, and pass through a 
syringe filter with a pore size of 0.45 μm. NOTE Filtering samples before loading 
them onto the column will prolong the lifetime of the column and resin. 
iii. Load the sample into the flow adapter, wash the column with 1 column volume of 
5 mM ammonium bicarbonate, and begin a linear gradient of ammonium 
bicarbonate buffer (pH 9.5) from 5 to 500 mM. Collect fractions every 5 mL. 
Determine via HPLC which fractions contain the deuterated NTP of interest. 
iv. Combine the appropriate fractions in a clean, dry lyophilization vessel, flash 
freeze in an ethanol/dry ice bath, and lyophilize overnight or until all liquid has 
been removed. 
v. Resuspend the residue in a minimal amount of dH2O, and repeat flash freezing 
and lyophilization. TIP A third round of resuspension and lyophilization is 
sometimes necessary if there is too much residual salt. 
C. Ion-pair reversed-phase HPLC 
i. Turn on the UV detector, set the column temperature to 30 °C, and equilibrate the 
reversed-phase column with a mobile phase of 25 mM TEAA buffer (pH 6.5) at a 
flow rate of 5.0 mL per min. Setup a linear gradient from 0 to 8 % acetonitrile in 
25 mM TEAA buffer (pH 6.5) over 16 min. 
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ii. Meanwhile, dissolve the lyophilized residue in ≤ 2.0 mL of mobile phase, let the 
sample sit for 5-10 min, and then pass the solution through a syringe filter with a 
0.45 μm pore size. 
iii. Manually inject 250 μL of a mobile phase blank solution and observe the baseline 
absorbance at 260 nm. 
iv. Perform at least 3 manual injections of 250 μL of a NTP standard solution. 
v. Perform as many 250 μL sample injections as needed until the sample is 
consumed. Collect every fraction corresponding to the NTP of interest. 
vi. Pool the appropriate fractions into a lyophilization flask, flash freeze in an 
ethanol/dry ice bath, and lyophilize overnight or until the sample is dry. 
 
 
Figure 14. HPLC analysis of fractions collected from DEAE ion-exchange 
chromatographic purification of [4′-2H]ATP. Chromatograms are shifted by a fixed 
percentage in time and absorbance for visual clarity. Fraction numbers are labeled at the 
beginning of each chromatogram and increase from the bottom left to the top of the 
figure. 
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Figure 15. Chromatogram of semi-preparative scale purification of [4′-2H]CTP by ion-
pair reversed-phase HPLC. 
Mass Spectrometry of Purified NTPs 
1 In 200 µL HPLC conical sample vials, prepare 0.1 mg/mL solutions of standard 
and purified deuterated ribonucleoside 5’-triphosphates in high quality water 
(≥18.2 MΩcm). Prepare a blank sample containing the same water used to 
dissolve the NTPs. 
2 Set up an HPLC-MS instrument to perform 10 µL sample injections directly into 
the mass spectrometer operating in positive-ion mode. Use a mobile phase of 
0.1% formic acid in water with a flow rate of 0.2 mL per min 
3 Inject 10 µL of the water blank before and after each NTP sample injection to 
eliminate crossover contamination 
4 Verify the accuracy of the spectrometer using the mass spectrum of the standard 
NTP solution. Compare the experimental mass-to-charge ratio to that expected 
for the standard and deuterated NTP. 
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Figure 16. Mass spectra of an ATP disodium standard (left) and [5′,5′′-2H]ATP (right). 
The insets depict the structures of the most abundant molecular ion in each sample and 
list the expected m/z. The expected natural isotopic abundances are noted in parentheses. 
Deuterium atoms are colored red. 
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Figure 17. Mass spectra of a GTP disodium standard (A) and deuterated GTP analogs (B-
F). Calculated m/z values shown in the top right of each panel correspond to the [M+H]+ 
molecular ion of GTP. 
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In vitro Transcription of RNA 
1 Prepare a 75 mM deuterated NTP stock solution in RNase-free water. 
2 Set up two 20 µL-scale transcription reactions according to the T7 
MEGAShortscript kit instructions. For one of the samples, substitute 2 µL 
deuterated NTP solution in place of the appropriate stock solution included with 
the kit. 
3 Incubate for at least 3 h at 37 °C. Add 1 µL TURBO DNase and incubate for an 
additional 15 min at 37 °C. 
4 Filter both reaction mixtures through a NucAway spin column according to the 
manufacturer’s instructions. Elute in 40 µL RNase-free water. 
5 Add 4 µL ammonium acetate solution (5 M) to each tube and mix. Precipitate the 
RNA by adding 150 µL cold 100% ethanol and mix well. Incubate the samples at -
80 °C for 1 h. 
6 Centrifuge the precipitated RNA samples at 20,000 g for 30 min at 4 °C. 
7 Using a 200-µL pipet tip, carefully discard the supernatant without disturbing the 
pellet, which contains the RNA. 
8 Wash the pellet with 200 µL of cold 70% ethanol. Centrifuge at 13,000 g for 15 
min at 4 °C. 
9 Discard the supernatant and dry the pellets either on the benchtop or under 
vacuum. 
10 Resuspend the RNA pellets in 10 µL RNase-free water. 
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RNA 5′-End Labeling with 32P 
11 Phosphatase reaction: In a 1.5-mL microcentrifuge tube, prepare 19 µL of a 
solution containing 50 pmol RNA in 1X Antarctic Phosphatase (AP) buffer. Add 1 
µL AP enzyme to the reaction and incubate for 30 min at 37 °C. Heat the sample 
for 5 min at  65°C to inactivate the enzyme. 
12 T4 PNK reaction:  To the reaction tube containing dephosphorylated RNA, add 11 
µL RNase-free water, 5 µL T4 PNK buffer (10X), 1 µL T4 PNK enzyme, and 2.5 µL 
[γ-32P]ATP to give a final volume of 40 µL. Incubate the samples for 1 h at 37 °C. 
13 Add 40 µL Gel Loading Buffer II (from the transcription kit) and mix well. Purify 
radiolabeled RNA using 12-15% denaturing PAGE. 
14 Excise the gel band containing the labeled RNA and place into a fresh 1.5 mL 
microcentrifuge tube. Using a pipet tip, crush the gel slice against the wall of the 
tube. Elute the RNA by soaking in 150 µL 25 mM phosphate buffer (pH 7.6, 0.3 M 
NaOAc, 0.1 M KCl) for 1 h at 4 °C.  
15 To remove polyacrylamide gel pieces, transfer the RNA solution to a 1.5 mL 
centrifugal filter (Ambion) and centrifuge for 5 min at 20,000 g. 
16 Ethanol precipitate and dry the RNA samples. 
Hydroxyl Radical Cleavage Reaction 
17 In separate 1.5 mL tubes, place 40 kcpm of singly end-labeled non-deuterated 
(ND) and deuterated RNA in a total volume of 7 µL of potassium phosphate 
buffer, pH 7.6. Prepare one ND and one deuterated control RNA sample. 
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18 Renature the RNA by incubating the samples at 90 °C for 2 min and then cool on 
the benchtop for 10 min. 
19 To initiate the hydroxyl radical cleavage reaction for the experimental samples, 
carefully spot 1 µL each of the following three solutions as separate drops on the 
wall of the sample tube: 10 mM sodium ascorbate, 1.2% H2O2, and iron(II)-EDTA 
(1 mM iron(II)/2 mM EDTA). For the control samples, substitute RNase-free 
water for each of the three hydroxyl radical reagents. CRITICAL Reagents used to 
carry out hydroxyl radical cleavage should not be premixed before being added 
to the RNA sample. Premixing the reagents initiates the Fenton reaction 
prematurely, expending hydroxyl radicals before the target RNA is added. 
20 With a flick of the wrist or a quick spin in a benchtop centrifuge, quickly add the 
cleavage reagent drops from the tube wall to the sample and mix gently. 
Immediately begin timing the reaction. Let the reaction proceed for 2 min, and 
then quench by adding 1 µL of 100 mM thiourea. NOTE The reaction time can be 
varied (1–5 min) to optimize the extent of RNA cleavage. Separate reactions 
should be carried out in parallel to determine the reaction time that gives 
optimum cleavage. CRITICAL The Fenton reaction is initiated by mixing the 
hydroxyl radical reagents, which generates the radical species necessary for 
cleavage of the RNA backbone. It is important to stop the cleavage reaction by 
adding the thiourea stop solution, which quenches the reaction by reacting with 
any remaining hydroxyl radicals. 
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21 Add 4 µL ammonium acetate solution (5 M) to each tube and mix. Precipitate the 
RNA by adding 150 µL cold 100% ethanol and mix well. Incubate the samples at -
80 °C for 1 h. 
22 Centrifuge the precipitated RNA samples at 20,000 g for 30 min at 4 °C. 
23 Using a 200 µL pipet tip, carefully discard the supernatant without disturbing the 
pellet, which contains the RNA. Check the tube using a Geiger counter to ensure 
that a substantial fraction (>60%) of the radioactivity is retained in the pellet 
after discarding the supernatant. 
24 Wash the pellet with 200 µL of cold 70% ethanol. Centrifuge at 13,000 g for 15 
min at 4 °C. 
25 Discard the supernatant and dry the pellets either on the benchtop or under 
vacuum. 
26 Resuspend the RNA pellets in 4 µL Gel Loading Buffer II and analyze using high-
resolution denaturing PAGE. 
Denaturing Polyacrylamide Gel Electrophoresis 
27 Siliconize the larger of the two glass plates with 0.5 mL Sigmacote. 
28 Assemble the gel plate sandwich with spacers and comb (0.33-mm thickness). 
29 Prepare 70 mL of a 20% acrylamide:bisacrylamide (19:1) solution containing 7-8 
M urea. Degas the solution for 5 min under vacuum. 
30 Initiate gel polymerization by adding 250 µL 10% (wt/vol) APS and 40 µL TEMED 
to the acrylamide/urea solution. Pour the gel and allow to polymerize for ~ 1 h. 
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31 Mount the gel in the gel electrophoresis apparatus. Pre-run the gel at constant 
power (65 W) for at least 30 min CRITICAL The power at which the gel runs 
should be adjusted so that the surface temperature of the gel plates does not 
exceed 55°C. 
32 Heat the RNA samples at 95°C for 2 min to denature the RNA. Load all 4 µL of 
each sample into a lane of the pre-run gel. 
33 Electrophorese at constant power (65 W) for sufficient time to resolve the region 
of interest (3.5 h). The bromophenol blue and xylene cyanol dyes that are 
included in the gel loading buffer provide convenient visible markers for 
estimating the optimum time for electrophoresis. 
34 After electrophoresis, allow the gel to cool to room temperature and remove 
from the apparatus. 
35 Place the gel sandwich on a lab bench and carefully remove one glass plate (the 
plate that was siliconized) from the gel assembly. Place a layer of plastic wrap on 
the exposed gel while trying to minimize wrinkles in the plastic. 
36 Invert the assembly. Pull the plastic away from the glass plate slowly and 
carefully, peeling the gel along with the plastic. 
37 Cover the exposed side of the gel with Whatman chromatography paper. Take 
care to avoid wrinkles between the gel and the Saran wrap. The presence of 
wrinkles can lead to inefficient gel imaging during exposure to the phosphor 
screen. 
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38 Dry the gel using the gel dryer for about 2 h at 80 °C. The gel drying conditions 
should be optimized for the acrylamide percentage of the gel and the gel dryer 
that is used. The drying conditions may be varied by adjusting the drying time or 
the length of time that the vacuum is applied to the gel. 
39 Place the dried gel in an exposure cassette at room temperature and expose to a 
phosphor screen. The exposure time can vary from less than 1 h to 18 h 
depending upon the level of radioactivity of the RNA sample. 
40 Scan the phosphor screen using a phosphorimager (Typhoon Trio or equivalent) 
to produce an image file with a .gel extension. See Figure 18 for representative 
cleavage intensity scans of two lanes from a phosphor image containing non-
deuterated (black) and deuterated (red) SRL RNA. 
Measurement of Deuterium Kinetic Isotope Effects 
1 Process the gel file by importing it into SAFA (a computer program for semi-
automated footprint analysis).79 Use SAFA to fit and integrate the gel bands in 
each of the hydroxyl radical sample lanes. 
2 Using the band integrals exported from SAFA, calculate the ratio of non-
deuterated to deuterated cleavage at each nucleotide position of interest (Figure 
19). 
3 A deuterium kinetic isotope effect is present when the calculated ratio (kH/kD) is 
greater than 1.0. Residues lacking deuterium should have a kH/kD ratio of 1.0, 
and so can be used as internal standards to help gauge the quality of the data. 
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Figure 18. Representative intensity traces from a denaturing polyacrylamide gel with 
hydroxyl radical cleavage products from non-deuterated (black) and [5′,5′′-2H]ATP (red) 
SRL RNA 29 nt in length. Adenine residues are labeled above each corresponding 
fragment. A clear difference in band intensity between control and deuterated samples is 
seen only at adenine residues. 
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Figure 19. C5’ deuterium kinetic isotope effects calculated by taking the ratio of the 
cleavage integral of the non-deuterated to the deuterated RNA fragment at each residue. 
Peak integrals were calculated using the SAFA software package. 
Conclusion 
The protocols described in this chapter can be used to synthesize specifically 
deuterated analogs of each ribonucleoside 5′-triphosphates which are useful in 
biochemical and structural studies of nucleic acids. Five deuterium analogs of each 
ribonucleotide were synthesized and incorporated into SRL RNA to study mechanistic 
and structural aspects of RNA strand cleavage by the hydroxyl radical.65 
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CHAPTER 3 – Hydroxyl Radical Cleavage of Short RNA 
Introduction 
Chemical probing experiments have been useful in obtaining structural 
information for RNAs in solution. The hydroxyl radical is a chemical probe that can be 
used to determine which nucleotides are on the surface of an RNA molecule and which 
are buried in the core.30,80 The level of structural information that can be gained from 
hydroxyl radical cleavage experiments has been limited, however, by a lack of detailed 
understanding of the mechanism and products of RNA cleavage. The hydroxyl radical 
abstracts hydrogen atoms from the ribose backbone leading to strand breaks, thereby 
providing information about the solvent exposure of the RNA backbone. In typical 
cleavage experiments, treatment of RNA with the hydroxyl radical produces a 
distribution of fragment lengths as a result of strand cleavage. The cleavage products can 
be visualized either directly, by using an RNA that is labeled at one end, or indirectly, by 
reverse-transcribing the RNA cleavage products into complementary DNA (cDNA) using 
end-labeled DNA primers.  
Kinetic Isotope Effects in Cleavage Studies of Nucleic Acids 
The measurement of kinetic isotope effects (KIEs) has been of crucial importance 
in understanding mechanisms of radical-induced cleavage of nucleic acids.  In a KIE 
experiment, an atom is replaced by its heavier isotope and the change in the rate of 
reaction is observed. A deuterium KIE is defined as kH/kD, where kH is the rate of the 
reaction using the all-protio species and kD is rate of the reaction using the isotopically-
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labeled species. One application of this experimental approach involves replacing 
specific hydrogen atoms in the sugar-phosphate backbone with deuterium (or tritium), 
and then measuring the reduction in the rate of cleavage relative to the all-protio species. 
In studies of the chemotherapeutic agent bleomycin and its effects on DNA degradation, 
for example, kinetic isotope effects were observed upon cleavage of a model 
polynucleotide containing either 2H or 3H at the C4′ deoxyribose position (see Figure 20 
for numbering convention), but not when isotopes were placed at other positions on the 
sugar.81,82 This experiment provided conclusive evidence that bleomycin creates a strand 
break in DNA by specifically abstracting the C4′ hydrogen atom. Results from a study on 
hydroxyl radical cleavage of DNA containing deuterium at specific deoxyribose positions 
showed that the extent of reaction is governed by the solvent accessibility of the DNA 
backbone.33  
 
Figure 20. Numbering convention for atoms in the RNA sugar-phosphate backbone. 
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Any one of the ribose hydrogen atoms could, in principle, be abstracted by the 
hydroxyl radical to yield a strand break. Since the extent of cleavage observed for any 
particular nucleotide is represented by the intensity of a single band on a gel, the 
contributions from individual abstraction events from different ribose positions are 
obscured. In Figure 21, the black trace represents the observed (or apparent) extent of 
cleavage at a particular nucleotide, analogous to the band intensity observed on a gel. The 
overall cleavage intensity is composed of contributions from cleavage products 
originating from the abstraction of either a C5′ hydrogen atom (red trace) or a C4′ (or 
perhaps a C3′, C2′, or C1′) hydrogen atom.  
 
Figure 21. A simulated apparent C5′ deuterium kinetic isotope effect. The observed 
intensity (black) represents the band intensity observed on a gel. The red and blue traces 
represent the cleavage intensities from abstraction of C5′ and C4′ (or other) hydrogen 
atoms, respectively. 
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If substitution of C5′ ribose hydrogens with deuterium leads to a reduction in the 
rate of cleavage (Figure 21, on the right), then an “apparent” deuterium KIE equal to 
greater than 1.0 will be observed. The apparent deuterium KIE (kH/kD) in Figure 21 is 
calculated by taking the ratio of the integral of the black trace on the left (kH) to the 
integral of the black trace on the right (kD), which, in this example, is equal to 1.9. Note 
that the cleavage intensity represented by the blue trace (C4′, etc.) did not change upon 
deuteration of the C5′ ribose position. The intrinsic KIE for C5′ hydrogen abstraction in 
this example, 2.6, is found by calculating the ratio of the integral from the red trace on the 
left to the integral of the red trace on the right. Experimentally, an apparent KIE is 
observed unless it is possible to separately measure the unique product of cleavage that 
originates from hydrogen abstraction from a particular ribose position. By systematically 
replacing hydrogen atoms with deuterium in the ribose backbone and measuring the KIE 
for hydroxyl radical cleavage, information about the extent of reactivity at each ribose 
position can be determined. 
Hydroxyl Radical Cleavage of Sarcin-Ricin Loop RNA 
Hydroxyl radical cleavage experiments have been performed with RNA to 
measure the contributions of individual ribose hydrogen atoms to strand cleavage at each 
nucleotide.65 The sarcin-ricin loop (SRL) RNA molecule was selected for these 
experiments because it is small (29 nts), packed with structural features (Figure 22), and 
has been extensively characterized using structural techniques such as X-ray 
crystallography,83,84 NMR,78,85,86 and molecular dynamics simulations.87 To measure the 
contribution of each ribose hydrogen atom to strand cleavage at each nucleotide, ribose 
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hydrogen atoms were systematically replaced with deuterium and the kinetic isotope 
effect on hydroxyl radical cleavage was measured. The results from these studies 
revealed an apparent KIE of between 1.2 and 2.0 on RNA strand cleavage when the C5′ 
hydrogen atoms were replaced with deuterium (Figure 23). The KIEs observed upon C4′ 
deuteration were significantly smaller in magnitude. KIEs were essentially non-existent 
for deuteration at the C3′, C2′, and C1′ positions. This study provided evidence that the 
most prominent mode of RNA strand cleavage by the hydroxyl radical proceeds via 
abstraction of a hydrogen atom from the C5’ ribose position.  
The largest KIE in hydroxyl radical cleavage experiments with SRL RNA was 
seen at residue U11 when deuterium was substituted at the C5′ position. The magnitude 
of the KIE, 2.0, was nearly three standard deviations away from the mean C5′ KIE value 
measured for all other SRL residues. This relatively large C5′ deuterium KIE was 
proposed to be a signature of the GUA base triple motif in which the U11 residue in the 
SRL RNA participates. In this motif, consecutive guanine and uracil bases from one end 
of the strand contact an adenine base to form a coplanar structure connected by an 
extensive hydrogen bonding network (Figure 24). 
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Figure 22. (A)  Sequence and secondary structure of the rat SRL RNA molecule.  
Nucleotide positions 9 through 20 are the conserved region of the SRL.  Colors 
correspond to structural motifs found in the three-dimensional structure:  green, GAGA 
tetraloop; red/orange, closing basepair for the tetraloop; blue and yellow, conserved 
residues in the bulged-G motif; yellow, GUA base triple.  (B)  Three-dimensional crystal 
structure of the SRL RNA.  Colors correspond to those shown in the secondary structure.  
Generated using Pymol88 and PDB 430D.77 
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Figure 23. Deuterium kinetic isotope effects measured by hydroxyl radical cleavage of 
specifically deuterated sarcin-ricin loop RNA. Error bars represent standard deviations of 
at least three replicate measurements. This figure was produced using data from Shakti 
Ingle’s PhD dissertation.65 
Recently, it was pointed out that an unusual hydrogen bond between the 2′-
hydroxyl of the G residue and the 5′-phosphate of the neighboring U residue contributes 
greatly to the rigidity of the GUA base triple motif (Figure 24), and that the so-called 
GpU dinucleotide platform is highly over-represented in all RNA structures (as of 2008) 
in the Nucleic Acids Database.89,90  
To investigate the generality of this observation, the C5′ kinetic isotope effect was 
measured for cleavage of Helix 13 ribosomal RNA (rRNA), which, according to the 
crystal structure of the T. thermophilus ribosome,17 also forms a GUA base triple. The 
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
U
7
C
8 A9
G
10
U
11 A1
2
C
13
G
14
A1
5
G
16
A1
7
G
18
G
19
A2
0
A2
1
C
22
C
23
G
24
A
pp
ar
en
t K
IE
 (k
H
/k
D
) 
Residue 
C5' KIE
C4' KIE
82 
 
KIE value for the corresponding U residue was similarly large, 2.0, providing evidence 
that the GUA base triple can be identified by its deuterium C5′ KIE signature.65 
 
Figure 24. Two views of the GUA base triple motif in the sarcin-ricin loop RNA 
molecule. The C5′ hydrogen atoms of residue U11 are depicted in red. The unusual intra-
backbone G:U hydrogen bond is indicated by the black arrows. 
To better understand the differences in magnitude of the KIE values for cleavage 
of SRL RNA, in this work we sought to determine the influence of a more uniform RNA 
structure on KIE values. Since all nucleotides in SRL RNA participate in base-pairing 
interactions, many of which are non-canonical, one might expect that in an RNA 
molecule either lacking secondary structure or possessing a more uniform structure (e.g., 
duplex RNA), some constant KIE value would be obtained for hydrogen atom abstraction 
from each ribose position. To investigate this possibility, KIE measurements were 
obtained for the cleavage of a short (20-mer) RNA in single-stranded and duplex forms. 
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Single-stranded 20-mer RNA was designed with the purpose of minimizing the extent of 
base-pairing interactions so as to create RNA with maximally solvent-exposed residues.  
Primer Extension Analysis of Hydroxyl Radical-Treated SRL RNA 
Since the resolution of a typical polyacrylamide gel is limited to ~100 nt, studying 
large RNA molecules is prohibitive using classic methodology. Instead of detecting RNA 
cleavage fragments directly, unlabeled RNA cleavage fragments are reverse-transcribed 
into cDNA by the extension of end-labeled primers designed to bind to specific regions 
throughout the RNA of interest. Primer extension analysis has been successfully applied 
to map RNA systems as large as the ribosome using hydroxyl radicals.31,32,43  
An important consideration when interpreting hydroxyl radical cleavage 
experiments, particularly when the 3′-end of the RNA is labeled, is the distribution and 
identities of products created from the abstraction of various ribose hydrogen atoms. 
When cleavage fragments are analyzed by reverse-transcribing RNA into cDNA, it has 
been assumed that the major products of cleavage are fragments terminated in phosphate 
groups (Figure 25). However, hydroxyl radical cleavage experiments with 3′-end labeled 
SRL RNA revealed, for the first time, the presence of a 5′-aldehyde terminus at every 
nucleotide, in addition to the expected 5′-phosphate terminus (Figure 25).65 Based on 
quantitative integration of gel band intensities from the experiment, the aldehyde-
terminated fragment comprises, on average, ~65% of the total product formed from 
cleavage at any given nucleotide. The range of amounts of aldehyde-terminated products 
observed was between 30 and 80%, likely reflecting local structural variations in SRL 
RNA.  
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Since the aldehyde-terminated product of RNA cleavage had not been observed 
previously, its potential impact on hydroxyl radical cleavage patterns obtained via reverse 
transcription has not yet been considered. The major product of cleavage is a fragment 
terminated in a 5’ aldehyde that is one nucleotide longer than what is widely assumed. 
Since cleavage products resulting from abstraction at the same nucleotide can result in 
RNA fragments of different length, primer extension analysis could be complicated if the 
cDNA products reflect the same length distributions observed in direct 3’-end-labeled 
RNA cleavage experiments. 
 
Figure 25. Major products of hydroxyl radical-cleaved RNA. The hydroxyl radical 
induces a strand break by abstracting a hydrogen atom from a ribose, which yields 
predominantly a 3′ phosphate-terminated fragment as well as 5′ phosphate- and 5′ 
aldehyde-terminated fragments. 
To test whether or not a fragment terminated with a 5′-aldehyde could serve as a 
template for reverse transcriptase, hydroxyl radical cleavage experiments were conducted 
with SRL RNA. If an aldehyde-terminated fragment can serve as a template, then 
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remediation of the length discrepancy will greatly improve the accuracy of hydroxyl 
radical probing experiments analyzed by primer extension.  
Experimental Section 
Design of an Unstructured 20-mer RNA Molecule 
Over 1.6 million RNA sequences that were 17 nucleotides long were generated 
randomly using the uShuffle JAVA applet which was designed specifically for the 
purpose of randomizing biological sequences.91 A Python script was used to process the 
resulting sequences to detect any duplicates, remove those with four or more consecutive 
bases (e.g., “AAAA”), prepend the bases “GGC” to the beginning of every sequence to 
ensure compatibility with T7 polymerase for in vitro transcription, and append a 
semicolon required by the mfold server to parse sequences. The 20-mer sequences were 
then submitted to the mfold web server92 in batches of ~100,000 sequences (a limitation 
of the available RAM) using folding parameters of 25 °C, 1 M NaCl, and no Mg2+. The 
20-mer sequences were ranked using the mfold output, where top-scoring sequences were 
associated with the most positive (unfavorable) free energies (ΔG) of folding. 
RNA Synthesis and Purification 
The sarcin-ricin loop and 20-mer RNA molecules, as well as their deuterated 
analogs, were synthesized using the T7 MEGAShortscript kit (Invitrogen). Transcription 
reactions were set up on a 20-µL scale, using the manufacturer’s recommended reagent 
concentrations and 1-2 μM template DNA. All oligonucleotide templates used in 
transcription reactions were purchased from Integrated DNA Technologies and HPLC-
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purified. The DNA template coding strand and the target 20-mer RNA sequences tested 
were: 
• DNA 1:  5'- AAT CCT TAA TGC GCG CGT CCT ATA GTG AGT CGT ATT A -3' 
RNA 1:  5'- GGA CGC GCG CAU UAA GGA UU -3' 
• DNA 2:  5'- GTG TCA TAA TAT CGG CGC CTA TAG TGA GTC GTA TTA -3' 
RNA 2:  5'- GGC GCC GAU AUU AUG ACA CG -3' 
• DNA 3:  5'- GTT ATC AGA TTC GCA GGC CTA TAG TGA GTC GTA TTA -3' 
RNA 3:  5'- GGC CUG CGA AUC UGA UAA CG -3' 
• DNA 4:  5'- GTA ATA TGC GCC GTC TCC CTA TAG TGA GTC GTA TTA -3' 
RNA 4:  5'- GGG AGA CGG CGC AUA UUA CU -3' 
• SRL DNA:  5'- GGG TGC GGT TCC TCT CGT ACT GAG CAC CCT ATA GTG 
AGT CGT ATT A -3' 
SRL RNA:  5'- GGG UGC UCA GUA CGA GAG GAA CCG CAC CC -3' 
Partially double-stranded DNA template samples were prepared by slowly annealing 
equimolar amounts of the pet5’ T7 promoter (5'- TAA TAC GAC TCA CTA TAG G -3') 
with DNA 1, 2, or 3, or the T7 promoter (5'- TAA TAC GAC TCA CTA TAG GG -3') 
with DNA 4.  
Transcription reaction mixtures were incubated overnight at 25 °C for the 20-mer 
RNAs, and 3 hr at 37 °C for the SRL RNA. Crude transcripts were mixed with an equal 
volume of Gel Loading Buffer II (Invitrogen), heated for 5 min at 90 °C, and loaded 
directly onto a pre-run 15 or 20% denaturing polyacrylamide gel. The gel was stained 
with Sybr-Gold (Invitrogen) and the RNA was visualized on a UV light box. The RNA 
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bands of interest were excised from the gel using a sterile razor blade. Gel slices were 
crushed with a 200 µL pipet tip and allowed to soak in 200 µL 10 mM TE buffer, pH 7.0, 
and 0.3 M sodium acetate either for 2 hr or overnight at 4 °C. Residual acrylamide pieces 
were removed by filtration through a spin column (Life Technologies) for 4 min at 
20,000 g. Eluted RNA transcripts were precipitated by adding 3.5 volumes of pre-chilled 
100% ethanol and freezing at -80 °C for 1 hr. The RNA was pelleted by centrifugation 
for 30 min at 20,000 g, rinsed with 200 µL cold 70% ethanol, and centrifuged again for 
15 min at 20,000 g. The RNA pellet was air-dried on the benchtop and resuspended in 5-
20 µL RNase-free water.  
20-mer RNA End-Labeling 
In an RNase-free 1.5 mL tube, a 20-µL dephosphorylation reaction was prepared 
with 50 pmol PAGE-purified RNA in 1X Antarctic Phosphatase buffer plus 10 U 
Antarctic Phosphatase enzyme (New England Biolabs). The reaction mixture was 
incubated for 30 min at 37 °C and then heated for 5 min at 65 °C. The 20-mer RNA was 
ethanol precipitated (as described above) to remove excess phosphate and buffer salts and 
then dissolved in 9.5 µL RNase-free water. To the solution, 1.5 µL T4 PNK buffer (10X), 
1 µL T4 polynucleotide kinase (T4 PNK; New England Biolabs), and 2.5 µL [γ-32P]ATP 
(3000 Ci/mmol; Perkin-Elmer) were added. The reaction mixture was incubated for 1 
hour at 37 °C and then mixed with an equal volume (15 µL) of Gel Loading Buffer II 
(Invitrogen). The samples was heated for 5 min at 95°C and then loaded onto a 15% 
denaturing polyacrylamide gel that had been pre-run for 45 min at a constant power of 25 
W. The sample was electrophoresed for 2-3 hr. The gel was transferred to clean plastic 
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wrap and exposed to X-ray film for about 30 sec in a darkroom. After the film was 
developed, the gel and film were aligned and the appropriate radiolabeled RNA band was 
excised using a clean stainless steel razor blade. The gel slice was transferred to a clean 
1.5 mL RNase-free microcentrifuge tube, crushed with a 200 µL pipet tip, and soaked in 
120-150 μL elution buffer (25 mM potassium phosphate, pH 7.4, 200 mM KCl, 50 mM 
NaOAc) for 1 hr at 4 °C. The mixture was filtered through a spin column to remove gel 
pieces and the filtrate was checked with a Geiger counter for the presence of radiolabeled 
RNA. To precipitate the RNA, the collected filtrate was treated with 3.5 volumes of cold 
100% ethanol, incubated for 1 hr at -80 °C, and centrifuged for 30 min at 20,000 g. The 
supernatant was carefully aspirated and discarded without disturbing the RNA pellet, 
which was then washed by addition of 100-150 µL cold 70% ethanol. After 15 min 
centrifugation, the ethanol wash was carefully aspirated and discarded and the pellet was 
air-dried for about 10 min on the benchtop. Each dried RNA pellet typically contained 
over 600 kcpm total radioactivity (depending on the freshness of the lot of radiolabeled 
ATP), as measured by a Geiger counter.  
Preparation of 20-mer RNA Solutions for Strand Cleavage 
End-labeled 20-mer RNA pellets were dissolved in phosphate buffer to obtain 40-
60 kcpm/μL RNA stock solutions. For single-stranded 20-mer RNA samples, the buffer 
consisted of 15 mM potassium phosphate (pH 7.6) and 1 mM EDTA. For duplex 20-mer 
samples, the buffer consisted of 10 mM potassium phosphate (pH 7.6), 10 mM NaCl, 50 
mM KCl, and 1 mM EDTA. To prepare the RNA duplex, a slight molar excess (~1.2-
fold) of complementary unlabled 20-mer RNA was added to a solution of radiolabeled 
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20-mer. To prepare RNA for alkaline hydrolysis, 1 µL end-labeled 20-mer RNA stock 
solution was added to 9 µL 1X alkaline hydrolysis buffer (Ambion).  
Samples were diluted 7-fold in phosphate buffer (25 mM, pH 7.6, 1 mM EDTA), 
denatured by heating at 65 °C for 2 min, and cooled slowly to room temperature for more 
than 10 min. 7 μl aliquots (~40 kcpm each) were transferred to 1.5 mL microcentrifuge 
tubes for the hydroxyl radical cleavage reaction. 
Hydroxyl Radical Cleavage and Alkaline Hydrolysis Reactions 
Reagents required for the hydroxyl radical cleavage reaction were either freshly 
prepared or stored at −80°C and thawed to room temperature immediately before use. 
Nuclease-free water was used as diluent for all reagents. Stock solutions of 10 mM 
iron(II) EDTA were prepared in water by mixing ammonium iron(II) sulfate hexahydrate 
((NH4)2Fe(SO4)2•6H2O) and a 2X molar excess of EDTA disodium. Working solutions 
of either 3.0 or 1.0 mM iron(II) EDTA were prepared by diluting the stock solutions 
accordingly. The iron(II) EDTA solution should be colorless to light greenish-yellow. 
Working solutions of 10 mM sodium ascorbate were prepared by dissolving solid (+)-
sodium L-ascorbate in nuclease-free water. A 1.2% H2O2 working solution was prepared 
fresh for each experiment from a 30% H2O2 stock (Sigma-Aldrich). A 100 mM solution 
of thiourea was prepared in nuclease-free water. 
Hydroxyl radical cleavage reactions were performed by carefully depositing 1 µL 
of each of the three reagents – iron(II) EDTA, sodium ascorbate, and H2O2 – as a separate 
drop onto the inner wall of an experimental sample tube. For control samples, RNase-free 
water was used instead of the cleavage reagents. Reagent droplets were not allowed to 
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pre-mix as this will initiate the Fenton reaction prematurely, expending hydroxyl radicals 
before entering the RNA solution. Cleavage reactions were initiated by quickly spinning 
down each tube (for 1-2 sec) on a benchtop “touch” centrifuge and then mixing gently. 
After 2 min, each reaction was quenched by the addition of 1 µL 100 mM thiourea and 
placed on ice.  
RNA Sample Cleanup 
To each sample, 19 µL of a precipitation mix, consisting of 10 mM TE, pH 7.0, 
0.3 M NaOAc, and 0.4 μg/µL Glycoblue (Invitrogen), was added and mixed. Samples 
were ethanol precipitated (as described above), rinsed with cold 70% ethanol, and dried 
on the benchtop for about 10 min. Dried RNA pellets were resuspended in 4 µL Gel 
Loading Buffer II and electrophoresed on a 20% denaturing polyacrylamide gel. 
Denaturing PAGE Analysis of Cleavage Fragments 
A 20% denaturing polyacrylamide gel (45 cm; Thermo Scientific Owl S3S) 
containing 8 M urea was poured and pre-run at a constant power of 65 W for > 45 min. 
Samples were heated at 90 °C for 2 min and loaded onto the gel by skipping a lane in 
between each sample lane. The gel was run for 3.5 hr. The gel was removed from the 
apparatus and allowed to cool to room temperature. The plates were carefully pried apart, 
allowing the gel to stick to one plate. The gel was carefully transferred to plastic wrap 
and then covered with Whatman chromatography paper, minimizing the presence of 
bubbles and wrinkles in the gel. The gel was dried under vacuum for 1.5 hr at 80 °C 
using a gel dryer and then exposed to a phosphor-screen for either 10 min (for low 
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exposure) or 14-18 hr (for long exposure). The phosphor-screen was scanned using a 
Typhoon Trio phosphorimager (GE Healthcare). The image file was saved with a .gel 
extension. For hydroxyl radical cleavage analysis, the low- and high-exposure gel scans 
were used to quantify the amounts of uncleaved and cleaved RNA in each sample lane, 
respectively.  
Quantification of Gel Bands 
Each gel image was quantified using the software program Semi-Automated 
Footprinting Analysis (SAFA),79 which fits Lorentzian functions to assigned bands via a 
non-linear least squares routine. Peak widths in each lane were constrained to vary 
linearly as a function of distance down the gel in order to account for the natural 
broadening of bands from PAGE. The resulting band integrals were used to calculate 
deuterium kinetic isotope effects for hydroxyl radical cleavage reactions. No background 
correction was applied, as any systematic error will be eliminated upon taking the ratio of 
band intensities to obtain KIEs (kH/kD). 
Preparation of DNA Primers for Reverse Transcription 
The following primers of different length were purchased from Integrated DNA 
Technologies and used in the primer extension reaction with hydroxyl radical-cleaved 
SRL RNA: 
• DNA 12-mer:  5'- GGG TGC GGT TCC -3' 
• DNA 13-mer:  5'- GGG TGC CGT TCC T -3' 
• DNA 14-mer:  5'- GGG TGC CGT TCC TC -3' 
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• DNA 15-mer:  5'- GGG TGC CGT TCC TCT -3' 
A 50 pmol sample of each primer was end-labeled with 32P using T4 PNK and purified 
via 20% denaturing PAGE, exactly as described above for the 20-mer RNA. Prior to 
ethanol precipitation, 5 μg linear acrylamide (Ambion) was added to the solution to 
enhance the recovery of short DNA strands. Pellets were resuspended in 60-100 µL 10 
mM TE buffer, pH 7.5, and kept on ice until needed later that same day, or stored at -20 
°C for up to 1 week. The final level of radioactivity in a resuspended primer solution was 
about 40-50 kcpm per µL when using a fresh lot of [γ-32P]ATP. 
Hydroxyl Radical Cleavage of SRL RNA 
A stock solution of 1-2 pmol/µL SRL RNA was prepared by diluting gel-purified 
SRL RNA in 25 mM phosphate buffer (pH 7.6, 10 mM NaCl, 50 mM KCl, 1 mM 
EDTA), heating at 90 °C for 2 min, and cooling to room temperature for over 10 min. 
Aliquots of 7 µL each were placed in fresh 1.5 mL microcentrifuge tubes. Hydroxyl 
radical cleavage reactions and cleanup were performed as described for the 20-mer RNA. 
Reverse Transcription of SRL RNA Cleavage Fragments 
Following hydroxyl radical cleavage and ethanol precipitation of an SRL RNA 
sample, the pellet was resuspended in 8 µL 10 mM TE buffer, pH 7.5 (IDT) and placed 
on ice. 5 µL radiolabeled DNA primer was added to the solution and the mixture was 
incubated on ice for 5 min. The sample was placed at 65 °C for 5 min, and immediately 
placed on ice for an additional 5-10 min. To each sample, 6 µL 1X First Strand Buffer 
(FSB; Invitrogen) consisting of 4:1:1 FSB (6X):10 mM dNTP mix:0.1M DTT was added. 
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1 µL Superscript III Reverse Transcriptase (Invitrogen) was added to the sample and 
incubated for 2 min at room temperature, followed by 30 min at 42-44 °C. The enzyme 
was heat-inactivated by incubating at 75 °C for 5 min. The RNA was degraded by adding 
1 µL 4 M NaOH and heating at 90 °C for 5 min. The sample was placed on ice and 9 µL 
precipitation mix (4 µL 10 mM TE buffer, pH 7.0, 3 µL 3M NaOAc, 3 µL 3 μg/µL 
Glycoblue) was added. cDNA was precipitated by adding 3.5 volumes cold 100% 
ethanol, incubating at -80 °C for 30 min, and centrifuging for 30 min at 20,000 g. The 
pellet was washed with 100 µL 70% ethanol, centrifuged for 15 min at 20,000 g, and air-
dried on the benchtop for about 10 min. The pellet was resuspended in 4-10 µL gel 
loading buffer and analyzed by 20% denaturing PAGE as described above.  
Results 
Design of 20-mer RNA 
In designing an unstructured RNA molecule for hydroxyl radical cleavage 
experiments, the RNA had to be short enough to minimize opportunities for base-pairing, 
but also long enough so that the RNA molecule could be transcribed with high fidelity 
and sufficient yield. The base identity of the first three nucleotides were restricted to 
GGC in order to be compatible with the T7 promoter sequence and consequently suitable 
for use with the T7 transcription kit. About 1.6 million sequences, a tiny fraction of the 
total sequence space available (~417 nts), were randomly generated and submitted to the 
mfold RNA server92. According to the mfold results, there were several candidate RNA 
sequences predicted to have unfavorable folding energies (ΔG > 0) at 25 °C in low salt 
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conditions. A reduced set of four candidate 20-mer RNA sequences was chosen for 
testing.  
To evaluate the ability of a candidate RNA to be transcribed using the T7 in vitro 
transcription kit, transcription reactions were performed using the respective DNA 
templates and the recommended reagent concentrations. An aliquot from each crude 
transcription product was run on a 20% denaturing polyacrylamide gel (Figure 26). The 
expected 20-mer RNA products were observed in transcripts 1, 2, and 4, but not in 3. 
Instead, transcription reaction 3 appeared to produce an RNA product 2 nts longer than 
expected and was therefore omitted from further consideration. Although the expected 
product was observed in transcription reaction 1, there also were substantial amounts of 
longer, undesirable RNA byproducts which could possibly complicate the purification of 
the target 20-mer. In transcription reaction 4, the overall yield of RNA was low, and 
many byproducts of similar length as the target were present. Transcription reaction 2 not 
only produced the target 20-mer RNA in suitable quantities for downstream applications, 
but also was lacking in unwanted byproducts of similar length. Therefore, RNA sequence 
2 (5'- GGC GCC GAU AUU AUG ACA CG -3') was selected for hydroxyl radical 
cleavage studies. 
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Figure 26. Denaturing PAGE analysis of crude 20-mer RNA transcription products and 
respective DNA templates. The 10-mer RNA marker is labeled as M, the DNA templates 
are labeled as D1-4 (see text), and the crude transcription products are labeled as T1-4.  
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Hydroxyl Radical Cleavage of the 20-mer RNA 
The 20-mer RNA molecule was separately transcribed with specifically (C5′, C4′, 
and C3′) deuterated riboses for U nucleotides. For each experiment, both a natural (all-
protio) and deuterated analog of the 20-mer RNA were radiolabeled with 32P at the 5′-
end, treated with hydroxyl radical, and then separated using 20% denaturing PAGE. Gel 
bands were visualized by autoradiography. Band integrals from each lane were obtained 
quantitatively using SAFA. Hydroxyl radical reactions were carried out such that the vast 
majority of RNA cleavage events occurred only once per RNA molecule, in accordance 
with a Poisson-Boltzmann distribution.93 Single-hit kinetics were achieved by limiting 
the extent of strand cleavage to 30% or less. 
A representative gel image of hydroxyl radical-treated single-stranded 20-mer 
RNA and its [5′,5′′-2H]U analog is presented in Figure 27. The gel also contains control 
(untreated) 20-mer RNA and an alkaline hydrolysis ladder. Fragments produced by 
alkaline hydrolysis result from attack at the ribose 2′-hydroxyl to yield a 3′-cyclic 
phosphate terminus. These fragments are created at every nucleotide position, giving rise 
to a ladder that is observed in PAGE analysis. As seen in Figure 27  towards the bottom 
of the gel, the shorter hydrolysis products are resolved from the hydroxyl radical-
produced fragments due to the difference in 3′-terminal chemistry. While useful for 
generating gel mobility and size standards, alkaline hydrolysis often gives rise to 
undesirable levels of degradation in otherwise intact RNA samples. In cases where the 
RNA control samples showed significant levels of background hydrolysis, usually at A10 
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and A13, those specific nucleotides were omitted from quantitative analysis since the 
extent of hydrolysis was highly variable.  
Reactivity of C5' Ribose Hydrogens Revealed by Deuterium KIEs 
The effect of deuteration on hydroxyl radical strand cleavage of RNA is often 
subtle and can be very difficult to observe in gel images by eye. For this reason, gel lanes 
were visualized as intensity profiles (Figure 28) that encompass the length of the gel. In 
this experiment, the cleavage intensity at each nucleotide position was identical for 
control and deuterated 20-mer, except for the U residues. Substituting deuterium at the 
C5′ position of uracil residues in the 20-mer RNA led to a substantial reduction in 
cleavage intensity.  
Cleavage integrals obtained using SAFA were used to calculate the apparent 
deuterium kinetic isotope effect (kH/kD) on cleavage at each nucleotide position (Figure 
29). As expected, the KIE values are ~1.0 for residues (A, C, and G) lacking deuterium. 
For U residues containing deuterium at the C5′ position, the observed KIE values ranged 
between 1.4 and 1.6. The average apparent C5′ KIE observed for hydroxyl radical 
cleavage of the 20-mer RNA (1.42 ± 0.07) is similar in magnitude as that observed for 
the sarcin-ricin loop RNA (1.5 ± 0.2, Figure 23). Although the average effects are 
similar, the range of KIEs observed in the SRL (1.2-2.0) is much larger, presumably 
owing to the variety of structural features present in the SRL. Measuring the C5′ 
deuterium KIEs for the single-stranded 20-mer RNA establishes a reference for the 
magnitude of the apparent deuterium kinetic isotope effect for hydroxyl radical cleavage 
of RNA with minimal base-pairing interactions.  
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Figure 27. Phosphor image of hydroxyl radical cleavage fragments of the single-stranded 
20-mer RNA resolved on a 20% denaturing polyacrylamide gel. ND and 5′U refer to the 
non-deuterated and [5′,5′′-2H]U 20-mer RNAs, respectively. The alkaline hydrolysis lane 
is labeled as ND AH, and hydroxyl radical-treated samples are labeled accordingly. A 
residue label is displayed next to each band corresponding to the fragment produced from 
hydroxyl radical attack at that residue. 
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Figure 28. Hydroxyl radical cleavage intensity profiles of single-stranded 20-mer RNA 
with and without deuterium substituted at the C5′ ribose position of all uracil residues. 
Analogous cleavage experiments were conducted using non- and C5′-deuterated 
20-mer RNAs in duplex form. The resulting KIEs are summarized in Figure 30. The 
average C5′ KIE observed was 1.38 ± 0.05, spanning a range from 1.31-1.45. The 
apparent kinetic isotope effects observed in the cleavage of the 20-mer RNA in single-
stranded and duplex forms were the same within experimental error. Note that residues 
A10, A13, and, to a lesser extent, A18 showed elevated levels of background degradation 
in the non-deuterated control duplex RNA samples which led to false positive KIE 
values. All other residues showed little or no background degradation and gave KIE 
values near 1.0 as expected.  
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Figure 29. Apparent deuterium kinetic isotope effects measured for cleavage of the 20-
mer RNA containing deuterium substituted at the C5′ ribose position of all U residues. 
Error bars represent the standard deviations of at least 5 replicate measurements. 
The observation of a kinetic isotope effect of greater than 1.0 for cleavage of 
double-stranded 20-mer RNA indicates reactivity of the hydroxyl radical at the C5' ribose 
hydrogen position. Since the magnitudes of the C5' KIE values for single- (1.42 ± 0.07) 
and double-stranded RNA (1.38 ± 0.05) are the same within experimental error, it is 
tempting to draw the conclusion that the extent of reactivity at the C5' ribose position is 
identical for both forms of RNA. However, since the magnitude of each apparent KIE 
value depends on the relative rates of hydrogen abstraction of ribose hydrogens, a more 
appropriate conclusion is that reactivity of C5' hydrogens relative to other ribose 
hydrogens of the same nucleotide is similar in single- and double-stranded RNA. To 
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establish the relationship quantitatively, it would be necessary to measure the KIE values 
for cleavage of double-stranded RNA containing deuterium substituted at the C4' and 
other ribose positions.  
 
Figure 30. Apparent deuterium kinetic isotope effects measured in the cleavage of the 20-
mer RNA duplex containing deuterium substituted at the C5′ ribose position of U 
residues. Error bars represent the standard deviations of at least 3 replicate measurements. 
*, degradation observed in the control sample 
Formation of Duplex 20-mer RNA 
Control experiments were performed in order to verify the formation of duplex 
20-mer RNA and to determine how much complementary RNA to add when preparing 
samples for hydroxyl radical cleavage. A single-stranded 20-mer RNA sample was 
prepared by radiolabeling the 5’-end and purifying it via denaturing PAGE. The RNA 
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was heated briefly at 65 °C and then cooled slowly to 4 °C in the presence of varying 
concentrations of complementary 20-mer RNA. Annealed samples were mixed with gel 
loading buffer containing tracking dyes and electrophoresed on a 20% non-denaturing 
polyacrylamide gel at 4 °C (Figure 31).  
 
Figure 31. Native PAGE analysis of 20-mer duplex formation. The single- and double-
stranded species are labeled on the left of the gel next to the corresponding bands.  
Single-stranded 20-mer RNA was visible as a sharp band towards the bottom of 
the gel and migrated faster than the duplex form. For concentrations of complementary 
RNA < 1 nM, only one band is visible which corresponds to the single-stranded species. 
With 1 nM complementary RNA, there are two bands visible: a faint band, corresponding 
to single-stranded 20-mer, and a more intense band that migrated more slowly, 
corresponding to duplex RNA. The RNA is almost entirely in duplex form at 2 nM 
complementary RNA, and completely duplexed at 25 and 50 nM concentrations. The gel 
mobility shift observed with increasing amounts of complementary RNA confirms the 
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formation of a duplex 20-mer RNA. For cleavage experiments, ~25 nM complementary 
RNA was used.  
C4′ and C3′ Hydrogen Atoms in 20-mer RNA are Less Reactive than C5' Hydrogen 
Atoms 
Cleavage experiments were performed using the single-stranded 20-mer RNA 
with and without deuterium substituted at the C4′ ribose position of U. The apparent C4′ 
deuterium KIE values are presented in Figure 32. The KIEs measured for cleavage at C4′ 
were much lower than those for C5′, spanning a range of ~1.1-1.2, with an average value 
of 1.12 ± 0.07. It should be noted that residues A10 and A13 in these experiments 
exhibited significant and varying extents of degradation in the control RNA samples. 
More specifically, the non-deuterated 20-mer RNA control samples had a larger 
background at A10 and A13 than the [4′-2H]U 20-mer, which resulted in a cleavage ratio 
(KIE) lower than 1.0 (Figure 32). The KIE values for cleavage at C4′ suggest that the 4′ 
ribose hydrogens play a smaller role in the mechanism of strand cleavage by hydroxyl 
radical than do the 5′ hydrogens. 
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Figure 32. Apparent deuterium kinetic isotope effects measured for cleavage of the 20-
mer RNA containing deuterium substituted at the C4′ ribose position of U residues. Error 
bars represent the standard deviations of at least four replicate measurements. 
Cleavage experiments using C3′-deuterated 20-mer RNA resulted in KIE values 
of ~1.0 for all U residues except U9 (Figure 33). The control RNA samples in these 
experiments also exhibited substantial background degradation at residues A10 and A13, 
this time in the deuterated sample, which led to false positive KIE values. Regarding 
residue U9, although the standard deviation of the KIE measurements were low (± 0.01), 
there was minor degradation observed in the non-deuterated control RNA (data not 
shown), which likely was responsible for the KIE value being slightly larger than 1.0.  
Nearly every experiment conducted with the designed 20-mer RNA yielded a 
significant amount of degradation in the control samples. Various elution conditions such 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
A8 U9 A10 U11 U12 A13 U14 G15 A16 C17 A18
Ap
pa
re
nt
 C
4'
 K
IE
 (k
H/
k D
) 
Residue 
Single-Stranded 20-mer RNA 
105 
 
as low temperature, high and low salt concentrations, and time were employed to help 
minimize the extent of background hydrolysis. Residues A10 and A13 were particularly 
susceptible to degradation in all cases. The high levels of background observed in the 
RNA samples are possibly due to the enhanced flexibility of the RNA molecule imparted 
by the lack of base-pairing interactions. Thus, the intended feature of the designed RNA 
likely led to its increased rate of hydrolysis, which is undesirable in hydroxyl radical 
cleavage experiments. 
 
Figure 33. Apparent deuterium kinetic isotope effects measured for cleavage of the 20-
mer RNA containing deuterium substituted at the C3’ ribose position of U residues. Error 
bars represent the standard deviations of 4 replicate measurements. *, degradation 
observed in the control sample 
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Evaluation of Primers for Reverse Transcription of SRL RNA 
Most cleavage experiments that use primer extension for product analysis utilize 
primers that are ~17-20 nt long.94 However, due to the short length of the SRL RNA, 
conventional primers of that length could not be used. Therefore, primers of lengths 12, 
13, 14, and 15 nt were experimentally evaluated for their compatibility with reverse 
transcription.  
In these experiments, purified unlabeled SRL RNA was treated with hydroxyl 
radical, ethanol precipitated, and washed. The cleaved RNA sample was annealed to each 
of the four primers in separate tubes and reverse transcribed under identical conditions. 
The products were separated on a 20% denaturing polyacrylamide gel and visualized by 
autoradiography (Figure 34). Reverse transcription was successful in all cases as 
determined by the lack of radioactivity in bands corresponding to the primer lengths of 
12-15 nts. In the control RNA sample (lane 1), nearly all of the radioactivity is present in 
the full-length band, which indicates that there is minimal background and that the primer 
is extended fully under these experimental conditions.  
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Figure 34. Denaturing PAGE of cDNA reverse-transcribed from untreated (-) and 
hydroxyl radical-treated (+) SRL RNA in the presence of primers of lengths indicated 
above each lane. The mobilities of 12-, 13-, 14-, and 15-mer cDNA strands are indicated 
with arrows on the bottom right. 
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In this particular experiment, the RNA degradation step was omitted. This led to 
incomplete denaturation of the RNA:cDNA hybrid during electrophoresis, resulting in 
smearing of the full-length product bands. The mobilities of SRL RNA, its cDNA, and 
the hybrid were confirmed in a separate experiment by running independently labeled 
forms of the single-stranded RNA and cDNA on the same gel (data not shown). The 
overall pattern of band intensities observed in hydroxyl radical-treated sample lanes was 
very similar despite some minor variation in total radioactivity (particularly in lane 4). 
The 12-mer primer yielded intense and reproducible cleavage patterns and was therefore 
used in future experiments.  
The reproducibility of the cleavage experiment was further evaluated by 
comparing replicate samples of hydroxyl radical-treated and untreated SRL RNA samples 
(Figure 35). The 12-mer primer was used in all reverse transcription reactions, and the 
size standards that were run on the same gel were radiolabeled primers of lengths 12, 13, 
14, and 15 nt. The most intense band in all control (untreated) samples corresponds to the 
full-length cDNA product, as expected. The band intensity at cDNA lengths shorter than 
the full-length (29 nt) product is minimal, especially in the region between 13 and 20 nt. 
Any intensity that is present in the control lanes is likely a consequence of the natural 
tendency for reverse transcriptase to fall off the RNA template, and the presence of any 
degraded RNA that may be in the sample. The band intensities in each hydroxyl radical-
treated sample lane exhibit very similar patterns, where the most intense cDNA product, 
other than the full-length product, corresponds to a length of 19 nt. Despite working with 
a relatively short RNA and primer, these results indicate that primer extension analysis 
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can reproducibly detect the varying amounts of RNA cleavage fragments to a sufficient 
level above the control. 
 
Figure 35. Denaturing PAGE analysis of cDNA reverse-transcribed from untreated (-) 
and hydroxyl radical-treated (+) SRL RNA. A 12 nt-long primer was used to generate 
cDNA strands in all samples. The length of each size standard is indicated above the 
respective lane. 
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A C5’ Deuterium Kinetic Isotope Effect Detected Using Primer Extension 
To test the hypothesis that RNA fragments containing a 5′-aldehyde terminus can 
serve as a template for reverse transcriptase, it was necessary to differentiate between 
cDNA fragments of the same length that originated from cleavage at different residues. 
The U11 residue in the SRL RNA was a good candidate to target since the aldehyde-
terminated fragment produced from attack at U11 had been observed previously and is 
generated to a greater extent compared to products of attack at other residues.65 The large 
amount of aldehyde-terminated product from U11, with its accompanying large C5′ 
deuterium KIE value, served to enhance the sensitivity of these primer extension 
experiments.  
Hydroxyl radical cleavage fragments of the SRL and of the [5′,5′′-2H]U analog 
were analyzed by reverse transcription using a 12-mer primer. Representative cleavage 
intensity profiles of the hydroxyl radical-treated and control SRL RNA samples are 
displayed in Figure 36. The control sample (dotted black trace) showed minimal 
background intensity throughout the lane. The largest backgrounds were associated with 
the primer and cDNA of lengths 21 nt and longer. For hydroxyl radical-cleaved samples, 
all residue positions show a high degree of overlap in cleavage intensity except for the 
band corresponding to the 19-mer cDNA product, where there is a substantial apparent 
deuterium KIE of ~1.5.  
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Figure 36. Hydroxyl radical cleavage of the SRL RNA molecule with (red) and without 
(solid black) C5′-deuterated U residues, analyzed by primer extension. A scan of the (-) 
control lane is represented by the dotted black line. 
According to the sequence of the SRL RNA, the 19-mer cDNA must be the 
product of reverse transcription of an RNA fragment terminated by residue U11. Our 
current understanding of the hydroxyl radical cleavage mechanism suggests that in the 
SRL, RNA cleavage fragments ending in U11 at the 5′ end can be produced via two 
pathways:  hydrogen abstraction from the ribose of residue G10 from the 4′ (or perhaps 
3′, 2′, or 1′) carbon, causing a loss of sugar and base, or abstraction of hydrogen from the 
C5′ ribose position of U11, producing an aldehyde terminus. A schematic of the cleavage 
and primer extension processes is depicted in Figure 37. The observation of a C5′ 
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deuterium KIE at the 19-mer cDNA indicates that a substantial amount of the 5′ 
aldehyde-terminated product is produced, and this product is capable of serving as a 
template for reverse transcription.  
In summary, C4′ hydrogen abstraction from G10 and C5′ hydrogen abstraction 
from U11 yield RNA fragments of the same length that differ in the identity of their 
terminal groups. Reverse transcriptase produces cDNA of the same length, regardless of 
the presence of a 5′ phosphate or aldehyde terminus, which leads to convolution and loss 
of cleavage information at those residues. Without prior knowledge of the presence of the 
5′ aldehyde-terminated product, the cleavage intensity represented by the 19 nt-long 
cDNA would have been assigned to cleavage at residue G10. The results presented in this 
work show that the 19-mer cDNA actually represents the extent of cleavage at both G10 
and U11. 
According to studies using 3’-radiolabeled SRL RNA, the amount of 5′-aldehyde 
produced from a particular nucleotide can account for an average of 65% of the total 
cleavage at that residue. Considering such a large amount can be produced, recovery of 
the cleavage information lost by reverse transcription would provide a substantial 
improvement in the accuracy of primer extension analysis.  
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Figure 37. Diagram depicting how hydrogen atom abstraction events from different 
residues in SRL RNA leads to the formation of cDNA products of the same length when 
using primer extension analysis. Residues G10 and U11 are labeled explicitly, the primer 
is colored in red, and terminal groups are provided in the legend. Only cleavage products 
extending from the 3′ end of the RNA are shown, since these are the fragments detected 
by primer extension analysis. 
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Discussion 
Cleavage of Short RNA 
A 20 nt-long RNA molecule was designed with the purpose of minimizing 
intramolecular base-pairing interactions. The folding free energies returned by the mfold 
RNA server were used to rank over 1.6 million input sequences. The final RNA 
sequence, along with specifically deuterated analogs, was transcribed, purified, and 
subjected to hydroxyl radical cleavage analysis.  
Deuterium kinetic isotope effects measured for cleavage of single-stranded 20-
mer RNA indicate that abstraction of C5' and C4' hydrogen atoms lead to a strand break, 
and that C5' hydrogen abstraction is the predominant mode of reactivity for all residues 
tested. The results obtained for 20-mer RNA show similar extents of reactivity of the 
ribose hydrogens as those observed for nearly all residues in SRL RNA. Deuterium KIEs 
were measured for cleavage of both single- and double-stranded forms of the 20-mer 
RNA containing deuterium substituted at the C5′ ribose position of U residues. In both 
the single- and double-stranded cases, the average C5′ KIE value was ~1.4, far below the 
reported KIE (2.0) of the U11 residue of the SRL. The observations made in these 
cleavage experiments further suggest a greater extent of reactivity at the C5′ ribose 
position of U11 relative to other U11 ribose positions in the GUA base triple motif. With 
the reference KIE values that have been established in this work, the hydroxyl radical 
cleavage/deuterium KIE experiment is poised to become a useful tool to study RNAs 
with poorly characterized or unknown structures. 
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Measurement of deuterium KIEs enabled the determination of the relative extent 
of reactivity of hydrogen atoms in the RNA backbone that is otherwise obscured in 
conventional cleavage experiments. For example, the cleavage intensity at residue U11 in 
the GUA base triple of SRL RNA indicates a large degree of solvent accessibility at that 
nucleotide. By measuring deuterium KIE values for cleavage of SRL RNA, it was found 
that the C5' hydrogen atoms were the most reactive of all hydrogens tested in the SRL 
RNA molecule. This great extent of reactivity at C5' of residue U11 agrees with the 
observation that the same C5' hydrogen atoms are the most solvent accessible in crystal 
structures of SRL RNA.  
Three different approaches to studying SRL RNA using hydroxyl radical cleavage 
analysis have now been investigated. The first and conventional method measures the 
total cleavage at each nucleotide of a 5' end-labeled molecule, where the products of 
cleavage at each nucleotide co-migrate in a single band on the gel. In this mode of 
analysis, resolution is limited to the whole nucleotide, but interpretation of the resulting 
cleavage patterns is more straight-forward than in other methods. The second approach 
utilizes a 3' end-labeled RNA molecule, where the two major products of cleavage at a 
given nucleotide are resolved as two distinct bands on the gel. One of the cleavage 
products, which is terminated in a 5' aldehyde, originates from abstraction of a C5' ribose 
hydrogen atom. The amount of this product observed on the gel represents the extent of 
cleavage from C5' hydrogen abstraction, and as a result, enables interpretation of 
cleavage patterns at a resolution greater than the whole nucleotide. The second product of 
cleavage is a fragment that is terminated in a phosphate group that originates from 
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abstraction of a C4' (and perhaps C3', C2', and C1') ribose hydrogen. The last approach to 
hydroxyl radical cleavage analysis of SRL RNA utilizes primer extension to detect 
products of cleavage. Due to the length discrepancy of cDNA products uncovered in the 
results presented in the above sections, use of primer extension for quantitative analysis is 
not recommended until the accuracy of this approach can be improved.  
Measurement of deuterium KIEs for hydroxyl radical cleavage requires RNA 
samples of very high purity. Due to the often unacceptably high levels of background 
degradation observed in 20-mer RNA samples, it may be more advantageous to use a 
longer RNA to study the effects of fully solvent-exposed residues on hydroxyl radical 
cleavage. Although it may not be possible to design a longer RNA that completely lacks 
secondary structure at room temperature, any structure that is present can be counteracted 
by the use of a denaturant such as urea.  
Since RNA can adopt a wide variety of conformations, the C1′ and C2′ ribose 
hydrogen atoms may be solvent-exposed in many native RNA structures. C1′ and C2′ 
deuterium kinetic isotope effects were not observed for hydroxyl radical cleavage of SRL 
RNA, which may be a consequence of all of its residues participating in base-pairing 
interactions. The 20-mer RNA could be used to determine whether abstraction of a C2′ or 
C1′ hydrogen atom can lead to a strand break in RNA by measuring the respective 
deuterium KIEs. A radical formed at the C2′ ribose position in RNA has been shown to 
create a strand break under anaerobic and, to a lesser extent, aerobic conditions.56 The 
lower bond dissociation energy of the C2′ hydrogen also makes it an important target of 
further investigation in hydroxyl radical cleavage experiments.95 
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Primer Extension Analysis 
Analysis of hydroxyl radical cleavage fragments of RNA using reverse 
transcription has been widely used in applications of high-throughput chemical probing 
and high-resolution structure mapping of large, biologically-functional RNA. We have 
shown here that there is a loss of information after reverse transcription of RNA cleavage 
fragments that leads to inaccurate assignment of cleavage intensity. The accuracy of the 
analysis can be significantly improved by de-convoluting the cDNA products so that each 
gel band contains contributions from cleavage of a single residue.  
One promising solution for recovering the information that is lost upon reverse 
transcription is based on an approach similar to the one employed in selective 2′-hydroxyl 
acylation analyzed by primer extension (SHAPE). SHAPE chemistry interrogates the 
local flexibility of nucleotides by selectively modifying the RNA 2′-hydroxyl with a 
bulky reagent (NMIA) that blocks the progression of reverse transcriptase. Sites of 
modification are detected as stops during primer extension. In SHAPE, the reverse 
transcriptase stops one nucleotide before the modified nucleotide. In hydroxyl radical 
cleavage analysis, it may be possible to selectively derivatize the 5′-aldehyde terminus of 
RNA cleavage products to similarly block primer extension. If successful, the cDNA 
product of reverse transcription of an aldehyde-terminated fragment would appear at a 
length one nucleotide shorter, which would yield cleavage data that would be more 
readily and accurately interpreted. 
Aldehyde reactive probe (ARP) is an attractive candidate for selective 
derivatization studies. ARP is commercially available, capable of reacting with aldehyde 
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moieties of damaged DNA with high specificity and efficiency,96,97 and contains biotin 
for added versatility. Any coupling chemistry chosen to modify the aldehyde-containing 
RNA must be performed quickly (under ~1 hr) and at near-neutral or slightly acidic pH, 
and high temperatures should be avoided due to the labile nature of RNA. ARP, and 
potentially bulkier derivatives, match those criteria and may provide a solution to 
improving the accuracy of primer extension analysis of hydroxyl radical cleavage of 
RNA.    
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CHAPTER 4 – Identification of DNA Structural Motifs Using Hydroxyl Radical 
Cleavage Analyzed by Capillary Electrophoresis 
Introduction 
An increasing amount of evidence suggests that the shape of DNA plays an 
important role in the way some proteins discriminate between and bind to specific DNA 
sequences.98,99 Being able to determine and even predict sequence-dependent differences 
in DNA structure will be crucial to understanding how transcription factors function in 
vivo. A recent study on the Hox family of transcription factors showed that individual 
members acquire novel DNA recognition properties when they bind together with the 
cofactor Extradenticle.98 Part of this focused DNA recognition may be a consequence of 
differences in minor groove topography, a notion that has gained wide support following 
a study by Rohs et al.100 By analyzing all protein-DNA structures in the Protein Data 
Bank (PDB), the researchers found that the binding of arginine residues to the DNA 
minor groove is a widely used mode for protein-DNA recognition.  
It has long been known that certain AT-rich DNA sequences can cause narrowing 
of the DNA minor groove. A-tracts, defined as stretches of four or more consecutive A 
residues, are correlated with such deformations of the DNA backbone.101,102 DNA 
bending induced by A-tract sequences has been studied using various methods including 
gel electrophoresis,103,104 X-ray crystallography,105 NMR including residual dipolar 
couplings,106,107 and molecular dynamics simulations.108,109 X-ray crystallography has 
provided detailed insight into the structure of DNA, particularly from the numerous 
analyses of the Drew-Dickerson dodecamer.110-112 But in recent years there has been an 
120 
 
apparent lack of interest in crystallizing free DNA molecules. According to entries in the 
Protein Data Bank (PDB), much of the focus is being placed on obtaining protein-DNA 
co-crystal structures while those of the free DNA molecules lag behind (Figure 38). The 
numbers of structures plotted in Figure 38 for naked DNAs include redundant structures 
and so unique sequences are slightly under-represented in the figure.  
 
Figure 38. The number of free-DNA and protein-DNA crystal structures deposited in the 
PDB per year. Credit goes to a Remo Rohs (USC) for providing the values used in the 
figure. 
While models from X-ray crystallography are useful, they may not accurately 
represent the three-dimensional structures of DNA molecules in solution. Variables such 
as crystal packing effects113 and the addition of crystallizing agents114,115 may lead to a 
distorted structure of DNA within a crystal. The inherent difficulty of crystallizing DNA 
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molecules and the extremely low-throughput nature of the technique impose severe 
limitations on the amount of structural information that can be obtained by X-ray 
crystallography.  
One technique useful for characterizing the three-dimensional structures of free 
DNA molecules in solution is based on hydroxyl radical chemical probing. Previous 
work has established a link between hydroxyl radical cleavage and the structure of 
DNA.33,116 Specifically, the extent of hydroxyl radical cleavage is governed by the 
solvent accessibility of the DNA backbone. The 5′, 5′′, and 4′ hydrogen atoms in the 
deoxyribose backbone, which lie on the outer edges of the DNA minor groove, are 
abstracted most often by the hydroxyl radical. As a consequence, patterns obtained from 
hydroxyl radical cleavage experiments provide a measure of the width of the DNA minor 
groove. 
Separation and detection of DNA fragments produced in a hydroxyl radical 
cleavage experiment have traditionally relied on denaturing polyacrylamide gel 
electrophoresis of radioactively labeled DNA samples. A more recent methodology 
makes use of capillary gel electrophoresis, which enables the study of long DNA 
molecules in a rapid, convenient, and high-throughput manner, and potentially eliminates 
the need for radioactive materials.117-119 Using capillary electrophoresis, it is possible to 
routinely resolve up to 1000 nt in each run, and the instrumentation is often designed to 
monitor multiple capillaries in an array simultaneously.  
In this study, the solution structures of 12 protein-DNA binding sites found to 
contain narrow minor grooves in co-crystal structures were probed using cleavage by the 
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hydroxyl radical. The narrow arginine-binding (NAB) plasmid DNA construct designed 
to contain the target sequences was used as a template in PCR reactions to generate a 
fluorescently end-labeled ~400 bp DNA product. In each experiment, the end-labeled 
PCR product was treated with hydroxyl radicals and the cleavage products were 
separated and detected directly using a multi-channel capillary electrophoresis system. 
Custom software written in MATLAB was used to quantitatively analyze electrophoresis 
data by assigning, de-convoluting, and integrating hundreds of peaks in each 
electropherogram. The cleavage pattern obtained for each DNA target sequence was 
compared with the pattern of minor groove widths calculated from the respective protein-
DNA co-crystal structure. The results demonstrate the utility of high-throughput hydroxyl 
radical probing to quantitatively study DNA structure and its application to protein 
binding.  
Experimental Section 
NAB Plasmid Sequences and Primer Design 
The total length of the NAB plasmid insert containing the target DNA sequences 
was 399 bp, including the two restriction sites (BamHI and HindIII) at both ends. The full 
plasmid insert sequence used in this study was: 
GGATCCGGCTGAAGGTACAGACCCTTTAGTCAGTCTAGGATCATATGC
CCAAACGGAACCCCAGCTGTGATTTATGGCGTGGTTACATGTAAAAATTTAC
ATCTTAGACCCACATTTGAAAGGCAAATGGAGTACGTGTTTTTTAAAAAAAT
GTCCACGGGGGTCCTATAGAACTTTCCCACAGAGTATAGTACAAACTTTCTTG
TATATAACTCACTAATTGAAGGCGCGAATTCGCGGTATGCAAATAAGGGATG
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CGTCCTCATGTATATACATGAGGAAGCGTGTTAGCTGTCATAAAGTTGTCACG
GAGCGCAATTACCTAATAGGGAAATTTACACGCTAGGGACGCTATTATCGCT
ATTAGTATAGCACGATACACGAAAACGCAGGAAGCTT 
The designed DNA sequence was synthesized and inserted by Integrated DNA 
Technologies into the pIDTSmart cloning vector, which also contained the ampR gene, 
the pUC origin, a BamHI restriction site immediately 5′ of the insert, and a HindIII 
restriction site immediately 3′ of the insert.  Sequences of interest are listed in Table 2 in 
the order in which they are located on the plasmid forward strand.  
The forward (“P3F”) and reverse (“P3R”) primer sequences, designed using 
Primer3,120,121 were 5′-GGCTGAAGGTACAGACCCTTT and 5′-
CCTGCGTTTTCGTGTATCG, respectively. The melting temeratures of the primers 
according to IDT’s OligoAnalyzer 3.1122 are 57 and 54 °C, which are within the optimal 
recommended range for PCR. HPLC-purified Cy5-labeled and unlabeled primers were 
purchased from Integrated DNA Technologies and were used without further 
purification. 
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Table 2. NAB DNA target sequences used in this study. The PDB codes for the co-crystal 
structures used to calculate minor groove widths are listed in the last column. 
No. Name Sequence (5' -> 3') PDB Code 
1 UBX-EXD GTGATTTATGGCG 1B8I 
2 MATa1-MATα2  CATGTAAAAATTTACATCT 1AKH 
3 OCT1/PORE CACATTTGAAAGGCAAATGGAG 1HF0 
4 MogR repressor TTTTTTAAAAAAAT 3FDQ 
5 Tc3 transposase GGGGGTCCTATAGAACTTTCCCACA 1U78 
6 Phage 434 repressor AGTACAAACTTTCTTGTAT 2OR1 
7 Msx1 CACTAATTGAAGG 1IG7 
8 Drew-Dickerson Dodecamer CGCGAATTCGCG 4C64 
9 OCT1 POU GTATGCAAATAAGG 1CQT 
10 Pit1 TCCTCATGTATATACATGAGGAAG 1AU7 
11 PhoB AGCTGTCATAAAGTTGTCACGG 1GXP 
12 MATα2/MCM1 ATTACCTAATAGGGAAATTTACACG 1MNM 
13 Hap1 ACGCTATTATCGCTATTAGT 2HAP 
 
NAB Plasmid Preparation 
The as-received plasmid DNA molecule was resuspended in 80 µL of 10 mM TE 
buffer (10 mM tris, pH 7.5, 1 mM EDTA) to a concentration of ~50 ng/µL. The stock 
solution was diluted 500-fold in nuclease-free water, and 2 µL of this solution was added 
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to a vial of pre-thawed OneShot Top10 Chemically Competent cells (Invitrogen). 
Bacterial transformation was carried out according to the manufacturer’s recommended 
protocol. Briefly, the plasmid/cell solution was incubated on ice for 30 min and heat-
shocked by incubating at 42 °C for exactly 30 s. Samples were placed immediately on 
ice. To each vial was added 250 µL pre-warmed SOC medium (included in the kit). After 
incubating the cells at 37 °C for 1 hr with continuous shaking, 5 and 15 µL of the culture 
were spread onto pre-warmed LB agar plates containing 100 μg/mL ampicillin sodium 
salt (Sigma Aldrich). Plates were incubated overnight at 37 °C. Up to six individual 
colonies were selected from a plate and used to separately inoculate 5-8 mL starter 
cultures containing LB broth and 100 μg/mL ampicillin. Cultures were grown overnight 
at 37 °C with continous shaking. Plasmids were isolated from cell cultures using the 
QIAprep Miniprep kit (Qiagen) following the manufacturer’s recommended protocol. 
Plasmid DNA was eluted from each spin column with 50 µL Buffer EB (10 mM Tris·Cl, 
pH 8.5) with typical recoveries of ~150 ng/µL DNA. This full-length plasmid vector 
DNA was used without further purification. 
PCR Amplification and Purification of 5′ End-Labeled DNA 
PCR amplification of whole plasmid DNA was performed in a 96-well plate in a 
reaction volume of 40 µL per well. The PCR reaction mixture was prepared in a single 
1.5 mL microcentrifuge tube, on ice, in a total volume of 320 µL, and then aliquoted into 
8 wells of a 96-well plate. Each reaction contained 1X ThermoPol buffer (New England 
Biolabs), 10% DMSO (vol/vol), 3 mM MgSO4, 200 μM dNTP mix, 0.5 μM P3F and 
P3R, 200 ng DNA template, and 0.3-0.6 U Vent Polymerase (New England Biolabs). 
126 
 
PCR thermal-cycling was performed using an initial denaturation step at 90 °C for 3 min 
45 s followed by 34 cycles of annealing at 52 °C for 40 s and extension at 72 °C for 30 s. 
A final extension step was carried out at 72 °C for 5 min before cooling to 4 °C 
indefinitely. To synthesize a fluorescently labeled PCR product, one of the two primers in 
the reaction mixture contained  a Cy5 dye covalently attached at the 5′ end while the 
other primer was unlabeled. 
Post-PCR reaction cleanup was performed using a Biomek 3000 Automated 
Workstation (Beckman Coulter) equipped with a multi-channel pipet tool and a gripper 
for 96-well plates. Purification of the PCR product was fully automated and achieved 
using Agencourt AMPure XP magnetic beads (Beckman Coulter). The Biomek was 
programmed to follow the Agencourt-recommended protocol which consisted of adding 
72 µL of resuspended bead solution directly to the PCR mixture, mixing 10 times with a 
pipet tip, and incubating at room temperature for 5 min. The sample plate was then 
moved onto a magnet designed to accommodate 96-well plates and allowed to sit for 3 
min while the beads were pulled to the inner walls of the wells. The supernatant was 
discarded and the beads were rinsed 2-3 times with freshly prepared 70% ethanol. After 
air-drying for 10 min, the plate was transferred off the magnet and the beads were 
resuspended in 40 µL TE buffer (pH 8.0) to elute the DNA. After 3 min incubation, the 
plate was transferred back to the magnet, while the beads were separated, and the 
supernatant containing the purified DNA was transferred to a fresh 96-well plate. 
Absorbance measurements at 260 nm were acquired using a Nanodrop system to quantify 
the total amount of DNA recovered, which was typically between 20-30 ng/µL.  
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Hydroxyl Radical Cleavage Reactions 
Hydroxyl radical cleavage reactions were performed in 96-well plates and 
automated using the Biomek workstation. Each reaction contained 40 µL (~5 pmol) 
purified, singly fluorescently end-labeled PCR product. For a typical cleavage reaction, 3 
µL each of 10 mM sodium ascorbate, 6% H2O2, and 40 μM iron(II)-EDTA were added to 
the wells containing the DNA solution. Reactions were carried out for 2 min and then 
quenched by the addition of 10 µL 0.4 M thiourea. DNA was purified by using the same 
magnetic bead cleanup step outlined above. Following bead cleanup, samples were dried 
to completeness by vacuum centrifugation.  
The amounts of iron(II)-EDTA and H2O2 used in the cleavage reactions were 
optimized to achieve single-hit kinetics and avoid quenching of the fluorophore. The use 
of an excessive amount of either reagent, especially H2O2, will lead to over-cutting of the 
DNA and possibly annihilation of the fluorescence signal intensity. An initial titration 
experiment should be conducted using fixed concentrations of fluorescently-labeled DNA 
and iron(II)-EDTA and varying amounts of H2O2. After selecting a suitable concentration 
of H2O2 from the first titration, a second titration should be carried out using the same 
concentration of DNA, a fixed concentration of H2O2, and varying amounts of iron(II)-
EDTA.  
Capillary Gel Electrophoresis 
In a 96-well plate, the dried DNA residue was resuspended in 40 µL sample 
loading solution (SLS; Beckman Coulter) containing 0.5 µL Genome Size Standard 400 
(Beckman Coulter). Solutions were mixed thoroughly, and 1 drop of mineral oil was 
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placed into each well to prevent sample evaporation. In a separate 96-well round-bottom 
plate, wells were filled at least half full with running buffer (Beckman Coulter). Both the 
sample and buffer plates were loaded onto the CEQ 8000 capillary electrophoresis 
instrument (Beckman Coulter). The CEQ manifold and capillary array were purged with 
0.5-1.2 mL polyacrylamide/urea gel solution (Beckman Coulter) prior to electrophoresis. 
Sample plates were heated for 2.5 min at 90 °C within the instrument to denature the 
DNA. Sample injections were performed at 2 kV for 7 s. Electrophoresis was carried out 
for 1.5 h at a voltage of 2 kV and a capillary temperature of 60 °C. Fluorescence data 
were acquired at a rate of 2 Hz.   
Data Processing and Peak Integration 
A custom MATLAB application was written to visualize raw electrophoresis data 
and fit and integrate peaks. To process each dataset, the raw fluorescence intensities for 
the size-standard ladder and hydroxyl radical-treated DNA samples were first loaded into 
the application. A baseline subtraction was performed on each data channel by 
subtracting the absolute minimum intensity value from all data points in the same trace. 
Ladder peak assignments were made automatically using the known lengths of the DNA 
fragments in the Genome Size Standard and a simple peak detection routine that uses a 
sensitivity parameter to find peak maxima. A non-linear least squares method was used to 
fit the size standard data to a summation of Gaussians that had the form: 
𝐺(𝑥) = b + ��𝑎𝑖 ∗  𝑒−0.5�𝑥−𝑐𝑖𝑤𝑖 �2�𝑛
𝑖=1
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where b is the baseline value, i is the peak number, n is the total number of peaks, a is the 
peak amplitude, c is the peak center, and w is the peak width. The baseline value was 
either initialized to zero or to a value chosen manually from within the application. 
Starting peak parameters for the hydroxyl radical cleavage data were estimated from 
those derived from the size standards. Specifically, peak centers (c) were linearly 
interpolated between consecutive size standard peaks, peak amplitudes (a) were set equal 
to the fluorescence intensity value in the hydroxyl radical-treated channel for each 
corresponding peak center, and peak widths (w) were obtained via linear regression of the 
size standard peak widths versus data point. Initialized peak locations were manually 
inspected and coarsely adjusted when necessary.  
Hydroxyl radical peak intensities were fit to the Gaussian model function using a 
non-linear least squares method (“lsqcurvefit” function from the MATLAB Optimization 
Toolbox). Three passes through the peak optimization routine were employed: 1) to 
simultaneously optimize parameters a, c, and w in order to obtain a confidence interval 
on the linear regression of peak widths versus data point, 2) to constrain the peak widths 
to within the confidence interval bounds while optimizing the parameters a and c, and 3) 
to optimize a and c while keeping the peak widths w fixed. Each pass was performed by 
fitting peaks within a sliding window of 600 data points (~40-60 peaks) that was shifted 
by 300 points in consecutive iterations across the length of the electropherogram. 
Parameters optimized for the first five and last five peaks within each window were 
discarded to eliminate fitting bias.  
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Each final, optimized peak was integrated using a trapezoidal approximation 
(MATLAB “trapz”) over the entire fitted range. Raw peak areas within each sub-region 
of interest were normalized by dividing each individual peak area value by the median 
value within that range of nucleotides. Normalization in this manner sets the median peak 
area within each region of interest to a hydroxyl radical cleavage value (“•OH 
Cleavage”) of 1.000, and preserves the dynamic range of the cleavage values. 
Results 
Hydroxyl Radical Cleavage Analysis of NAB DNA Sequences 
PCR amplification of the plasmid insert sequence was performed in the presence 
of the appropriate 5′ Cy5-labeled and unlabeled primers to produce DNAs with either the 
forward or reverse strand labeled. The purified PCR product was treated with hydroxyl 
radicals, mixed with the DNA size standards, and analyzed by capillary gel 
electrophoresis. Baseline-subtracted electropherograms of cleavage fragments and size 
standards for the forward (acquired by Dr. Dana Zafiropoulos) and reverse strands are 
shown in Figure 39 and Figure 40, respectively.  
Each DNA size standard appears as a distinct, well-resolved peak, with the shorter 
fragments migrating through the capillary faster than the longer species. The sizes of the 
standards displayed in the baseline-subtracted electropherograms range from 20 to 360 
bp, while the 380 and 400 bp standards are outside of the axis limits.  Quantification of 
the peak broadening as a function of data point (or time) of the DNA standards is 
described in a later section.  
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Treatment of the PCR product with hydroxyl radicals yielded DNA fragments of 
every length between ~17 and 400 nt. The full-length PCR product (387 nt) is present in 
large excess over the cleavage fragments as a result of conditions chosen to achieve 
single-hit kinetics. As a consequence, peaks in the vicinity of the full-length product were 
overwhelmed, and so cleavage fragments of length longer than ~360 nt were omitted 
from quantitative analysis. Cleavage fragments below ~50 bp were poorly resolved, 
possibly due to an excess of salt in the sample, and were also excluded from quantitative 
analysis due to the difficulty in de-convoluting individual peaks in that region. Finally, 
artifacts observed in the electropherograms in the 215-230 nt region were omitted and 
can be attributed primarily to minor amounts of byproducts from PCR. 
Visual inspection of the baseline-subtracted electrophoresis data reveals many 
minima and maxima in peak intensity which encompass a span of several nucleotides in 
width. The MogR repressor DNA binding sequence, located at ~140 nt on the forward 
strand and ~250 nt on the reverse strand, is one striking example that can be easily 
identified by eye. Two wide minima in peak intensity are observed in the MogR region, 
indicating areas of protection from hydroxyl radical cleavage. Another example in which 
extensive modulation in cleavage intensity is observed is the MATa1-MATα2 binding 
site, located between 80 and 90 nt. In this region there is an asymmetric cleavage profile 
exhibiting a reduction in peak intensity encompassing approximately 9 nts.  
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Figure 39. Baseline-subtracted electropherograms of Fwd strand hydroxyl radical 
cleavage fragments (black) and size standards (red) obtained in the same run and 
capillary. The fragment length (in nt) of each size standard is indicated above the 
corresponding peak.  
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Figure 40. Baseline-subtracted electropherograms of Rev strand hydroxyl radical 
cleavage fragments (black) and size standards (red) obtained in the same run and 
capillary. The fragment length (in nt) of each size standard is indicated above the 
corresponding peak. 
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Quantitative Analysis of DNA Size Standards 
The use of DNA size standards is critical in the quantitative analysis of hydroxyl 
radical cleavage data. In addition to enabling the assignment of cleavage fragment 
lengths to within ~2 nt, the size standards serve as a quick visual gauge for the quality of 
data acquired from each capillary and can be very useful in troubleshooting issues of low 
or erratic signals. The DNA size standards also provide an excellent starting point for the 
estimation of parameters used to fit peaks in the hydroxyl radical cleavage fluorescence 
channel.  
The length of each size standard is automatically assigned to the respective peak 
in an electropherogram. Length assignments must be made prior to peak fitting since they 
supply the initial peak center parameters to the fitting routine. The 20 nt fragment was 
omitted from the fit since it is not considered a standard (according to the manufacturer), 
and the resolution in the beginning region (< 3200 data points) of the electropherograms 
were relatively poor under the conditions used in these experiments. An example of the 
fitting results obtained with the size standard data is presented in Figure 41. Based on the 
quality of fit (see panel on the right), a Gaussian peak shape provides an excellent model 
for the data. The linearity of the peak width versus peak center of the size standards is 
estimated by a linear regression analysis. As seen in Figure 43, the correlation coefficient 
(R2) of 0.956 indicates a high degree of linearity. The equation of the best-fit line is used 
to initialize the values of peak widths in fitting the hydroxyl radical-treated fluorescence 
channel.  
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Figure 41. An electropherogram of a DNA size standard. Experimental and fitted 
fluorescence intensity values are displayed in black and red, respectively. The panel on 
the right shows a selected sub-region of the same electropherogram containing the 180 nt 
standard and fitted peaks. 
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Figure 42. Linear regression analysis of DNA size standard peak widths. The equation of 
the best-fit line is used to initialize the peak width parameters in fitting the hydroxyl 
radical-treated DNA data. 
Fitting of NAB Fwd Strand Peak Intensities 
Hydroxyl radical treatment of the fluorescently-labeled insert DNA generated 
cleavage fragments of all lengths up to and including the full-length PCR product (387 
nt). Since the peaks were not fully (baseline) resolved, accurate estimation of all peak 
parameters, particularly the peak widths, presented a challenge. The routine employed in 
this analysis made use of a  total of three passes through peak optimization, where the 
first is geared towards estimation of peak widths (Figure 43a). Linear regression of peak 
width versus data point yielded moderate linearity (R2 = 0.782) for the hydroxyl radical 
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cleavage data. Since the peak width values exhibited a considerable degree of spread 
relative to the best-fit line, a confidence interval (shaded yellow) was obtained from the 
regression and applied as upper and lower bounds to the peak widths in the second 
optimization pass. Application of the confidence interval was key as it forced the peak 
widths to vary smoothly along the electropherogram, leading to more accurate 
determination of peak (i.e., cleavage) integrals.  
The third and final pass through the fitting routine optimized the peak center and 
peak amplitude parameters of all peaks while keeping the width values fixed. Minor 
adjustments made during the final pass were mainly utilized to ensure that any spurious 
peak shapes were corrected. An example of the final outcome of the fitting procedure is 
displayed in Figure 44, specifically in the MogR repressor binding region of the plasmid. 
The high degree of overlap between the fitted and experimental data traces is apparent 
and representative of the fit quality obtained in the remaining regions of the 
electropherogram. An integral from each individual fitted peak was calculated using a 
trapezoidal approximation across the width of the entire fitted region of the 
electropherogram (e.g., between data points 3250 and 7400). 
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Figure 43. Estimation of peak width parameters of Fwd strand cleavage fragments. The 
first pass (top panel) is used to determine a confidence interval (filled yellow) on the 
linear regression of the peak widths (red circles). In the second pass (bottom panel), peak 
parameters are optimized while the widths are bounded by the confidence interval. 
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Figure 44. Peak fitting of cleavage intensities in the MogR region of the Fwd strand 
plasmid. Individual Gaussian peak shapes are displayed in green, the fitted sum of 
individual peaks is in red, and the experimental cleavage intensities are in black. 
Comparison of the NAB Fwd and Rev Strand Cleavage Intensities 
Hydroxyl radical cleavage patterns were acquired for the forward and reverse 
strands of the DNA molecule in separate experiments (Figure 39 and Figure 40). Peak 
fitting and integration were employed to determine the relative amounts of cleavage at 
every nucleotide position between 61 and 362 (numbering relative to the forward strand). 
Three selected regions with very similar forward and reverse strand cleavage profiles are 
displayed in Figure 45. The order in which cleavage integrals were obtained from the 
reverse strand electropherogram was reversed in order to directly compare the profiles 
from the two strands. As expected, the cleavage integrals were highly correlated. For 
example, the MATa1-MATα2 DNA binding site in both strands (Figure 45) exhibited a 
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broad minimum and maximum in the amounts of hydroxyl radical cleavage. Cleavage 
integrals in the MATa1-MATα2 reverse profile varied more smoothly, with the exception 
of nucleotide C94, indicating that there is less noise in the corresponding region of the 
primary intensity data.  
The forward and reverse strand cleavage profiles in the MogR repressor binding 
region are remarkably similar and free of spurious noise. Two wide minima in the 
hydroxyl radical cleavage are present in this region. These patterns are highly 
reproducible and easily visible by eye, making the MogR binding site a good sequence to 
use as reference for sequence alignments.  
Correlation Between Hydroxyl Radical Cleavage and Minor Groove Width of the 
Drew-Dickerson Dodecamer 
A link between hydroxyl radical cleavage and the structure of the Drew-
Dickerson dodecamer has been previously established quantitatively using many 
independent measurements of the hydroxyl radical cleavage profile.116 A similar 
comparison is made in Figure 46 using cleavage data derived from the CEQ experiment 
(Figure 45) and the minor groove widths calculated from the crystal structure of the free 
dodecamer. The patterns are highly correlated (R = 0.811) and exhibit the expected 
minima in cleavage and minor groove width. 
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Figure 45. Comparison of selected cleavage profiles acquired in separate experiments 
using the forward and reverse strands of the DNA molecule. Residue labels utilize the 
forward strand as the reference sequence; the order of the cleavage integrals from the 
reverse strand have been reversed (see diagram) to enable direct comparison of the 
patterns from the two strands.  
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Figure 46. Quantitative correlation between hydroxyl radical cleavage and the width of 
the minor groove of the Drew-Dickerson dodecamer. 
Comparison of Hydroxyl Radical Cleavage and Minor Groove Widths of NAB DNA 
In a comprehensive analysis of protein-DNA crystal structures, Rohs et al. found 
that the binding of arginine residues to the minor groove is a widely used mode for 
protein-DNA recognition.100 A selected subset of 12 protein-DNA complexes (Table 2) 
that were analyzed in their work served as the basis on which our plasmid insert sequence 
was designed (Figure 47). The hydroxyl radical cleavage integrals obtained from each 
target DNA sequence are compared with the minor groove widths calculated from the co-
crystal structures in Figure 48 and Figure 49. Cleavage integrals have been normalized to 
the median value in each dataset in order to adjust for minor intensity differences along 
the length of the entire electropherogram. Normalization in this manner preserves the 
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dynamic range of the hydroxyl radical cleavage integrals and enables a global 
comparison across different regions of the plasmid to the minor groove widths.  
 
Figure 47. Diagram of target DNA sequences in the plasmid insert. Blue boxes refer to 
protein-DNA binding sequences, P3R-RC refers to the reverse complement of the P3R 
primer sequence, and DDD refers to the Drew-Dickerson dodecamer. Not shown in this 
figure are nucleotide linker regions located between DNA sequences of interest. 
The cleavage profiles generally show good agreement with the minor groove 
widths of the target DNA sequences in the co-crystal structures. For instance, the 
MATa1-MATα2 sequence, which contains a long (5 bp) A-tract, shows a deep minimum 
in the same location in both the cleavage pattern and the minor groove width. The MogR 
repressor binding site, which has the longest A-tract (7 bp) of all of the test sequences, 
exhibits two wide groove width minima, which are matched well (R = 0.833) by the 
cleavage profile. A third example, the phage 434 repressor binding site, also displays 
good agreement (R = 0.721) between the minor groove width pattern and the high and 
low regions of cleavage. In these cases, the hydroxyl radical cleavage analysis suggests 
that the naked DNA molecule possesses a narrow minor groove in the same locations as 
those that contact arginine residues in the co-crystal structure. The implication is that 
these DNA sequences possess an intrinsic tendency to form a narrow minor groove, 
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which a protein can recognize, and that minimal distortion of the DNA shape arises upon 
protein binding.  
While the cleavage patterns obtained from some DNA sequences in the test set 
appear to correlate well with the calculated minor groove widths of  the protein-DNA 
complexes, there are regions within certain sequences that depart from this trend. The 
minor groove width of the UBX-EXD binding site is widest towards the 3′ end of the 
sequence, according to both the protein-DNA crystal structure and the cleavage pattern. 
At the TpA step in the middle of the sequence, however, the minor groove is wider in the 
crystal structure than the cleavage profile of naked DNA would suggest. The 
MATa2/MCM1 binding site is another example where the two profiles correlate well in 
one region, but the profiles at the 5′ end deviate substantially. One possible explanation 
for these differences is the protein may recognize the intrinsically narrow minor groove 
region and, upon protein binding, the narrow minor groove width is maintained in the 
region where protein-DNA contacts are made. Binding of the protein may distort the 
DNA backbone in a neighboring region, causing the minor groove of the DNA to widen, 
which is observed in the co-crystal structure. 
The Tc3 transposase binding site exhibits a similar characteristic as the second 
class of DNA sequences, in that the location of at least one minor groove minimum 
(located at nucleotides ACTT) overlaps with a corresponding minimum in the cleavage 
profile, but significant differences between the two profiles exist throughout the 
sequence. The first 3-4 nt at the 5′ end of the Tc3 binding region match in both profiles, 
but the cleavage minimum observed at the 5′ end near the TATA box appears to be offset 
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by 2 nt relative to the minor groove minimum. Although there is a maximum in the 
middle of the binding region in both profiles, the minor groove width of DNA in the 
complex exhibits a much sharper maximum and is much wider than would be indicated 
by the cleavage pattern of the naked DNA. According to the hydroxyl radical cleavage 
analysis, the 3’ end of the DNA-binding region possesses a narrow minor groove across 
~8 nts, compared to the crystal structure (6 nts). These results suggest that the binding of 
Tc3 transpose to its target DNA causes major distortions of the DNA backbone. 
 Discussion 
The solution structures of the Drew-Dickerson dodecamer along with 12 protein-
DNA binding sequences were probed using hydroxyl radical cleavage. Capillary gel 
electrophoresis was employed for the separation and detection of DNA cleavage 
fragments in a rapid and semi-automated manner. Custom software was developed to 
quantitatively fit and integrate hundreds of peaks in each electropherogram.  
The hydroxyl radical cleavage integrals obtained from the forward and reverse 
strands of the plasmid insert displayed excellent agreement. Since cleavage data is 
acquired only from one strand in each experiment, it may be possible to effectively 
double throughput by incorporating two fluorescently-labeled primers with sufficiently 
separated emission spectra. This would enable a more rigorous statistical treatment of the 
data and presumably increase the accuracy of the structure determinations.  
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Figure 48. Comparison of the hydroxyl radical cleavage obtained from the forward strand 
of the insert sequence with the minor groove widths calculated from X-ray co-crystal 
structures of protein-DNA complexes. 
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Figure 49. Comparison of the hydroxyl radical cleavage obtained from the forward strand 
of the insert sequence with the minor groove widths calculated from X-ray co-crystal 
structures of protein-DNA complexes. 
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According to the hydroxyl radical cleavage analysis, at least one region within 
each protein-binding site tested contained a narrow minor groove. In most cases, the 
location of the narrow minor groove width matched that in the co-crystal structure, 
suggesting that proteins recognize these sites by an indirect readout mechanism.123 The 
results also provide evidence that in some cases the DNA backbone becomes distorted as 
a result of protein binding. In these cases, the cleavage patterns suggested a narrow minor 
groove width in solution in contrast with a wider minor groove found in the co-crystal. 
To better understand the interplay between DNA structure and protein binding, it may be 
important to study not only additional examples of DNA-protein complexes, but also the 
specific molecular mechanisms and features (e.g., protein architecture, number of 
protein-DNA contacts, combination of DNA sequence-specific effects) by which each 
protein recognizes its target DNA in those examples.  
The data throughput of the hydroxyl radical cleavage methodology presented in 
this work can be vastly increased. One can imagine acquiring cleavage information from 
thousands of nucleotides in a single experiment through the use of multiple primers 
designed to bind to various regions throughout plasmid (or perhaps genomic) DNA. 
Using this approach, a different fluorescently-labeled primer would be used in each well 
of a 96-well plate to PCR-amplify specific regions of a long plasmid DNA molecule.  
One goal of future development of capillary-based hydroxyl radical probing is to 
compare experimentally determined cleavage patterns to those predicted by the 
ORChID2 database116 and DNAshape web server,124 which can be used to predict the 
cleavage pattern of an arbitrary DNA sequence. The ability to greatly increase the 
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throughput of hydroxyl radical cleavage experiments will help contribute to and refine 
such databases. The predictive power of the ORChID2 database was showcased in an 
example where cleavage patterns were calculated for over 23,000 DNA sequences that 
had been determined experimentally to bind nucleosomes in yeast. The ORChID2 pattern 
revealed a 10-bp periodicity, where minima occurred at nucleotide positions at which the 
DNA minor groove is most narrow in the nucleosome crystal structure.125 The DNAshape 
web server predicts DNA structure using a purely computational approach based on 
Monte Carlo molecular dynamics simulations. Hydroxyl radical cleavage data could be 
used to experimentally validate DNAshape predictions and impart structural constraints 
into the algorithm to improve accuracy. 
Patterns obtained from hydroxyl radical cleavage experiments will continue to 
help uncover details about the structure of DNA and its impact on biological activity. 
Hydroxyl radical cleavage data can help identify and predict novel DNA structural motifs 
that elude traditional sequence-based approaches. The results provided in this work 
establish a quantitative link between capillary-based cleavage analysis and DNA 
structure.  
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